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Organic products that have historically been viewed as waste products may 
improve soil health by adding carbon (C) and nutrients to soil. Two such products are 
woodchips, generated from forest or rangeland management activities, and livestock 
manure. In Nebraska, eastern redcedar (Juniperus virginiana L.) is a native but invasive 
tree species inhibiting rangeland productivity. Livestock manure that is underutilized 
while inorganic fertilizers are imported for crop production presents a water quality risk 
by contributing to local- and regional-scale nutrient imbalances. Increasing the 
responsible use of livestock manure in crop fertility programs to improve sustainability of 
both livestock and crop farms necessitates equipping farmers and their advisors to 
recognize fields with the greatest potential for economic and natural resource benefits 
from manure. 
This dissertation included evaluating the body of research reporting effects of 
manure and municipal biosolids on soil health properties. Further, the effects of eastern 
redcedar woodchips applied as a soil amendment alone or co-mingled with swine 
manure, cattle manure, or inorganic nitrogen (N) on soil health properties, water quality 
indicators, and greenhouse gas emissions were assessed. Manure application increases 
soil microbial abundance, improves nutrient cycling and enhances soil structure. Results 
from field and laboratory studies indicated that surface application of woodchips, with or 
 
 
 
without other amendments, did not affect soil nor leachate nitrate-N concentrations. 
Woodchip amendments increased soil organic matter concentration and decreased soil 
bulk density in less than three years. Methane and nitrous oxide emissions from soil were 
unaffected by woodchip application, but carbon dioxide emissions increased. Because the 
field plots were irrigated, no differences in soil moisture were observed by treatment, but 
soil temperature fluctuations under the woodchips were diminished. Overall, manure and 
woodchips are viable amendments for improving soil health. A survey of stakeholders 
revealed that improving soil health is important to them, and they recognize the risks of 
eastern redcedar to sustainability. Thus, adoption of this novel conservation practice is 
likely with continued stakeholder engagement.  
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CHAPTER 1. INTRODUCTION 
Soil health management refers to the maintenance or improvement in soil 
physical, chemical, and biological properties that support soil multi-functionality. Doran 
et al. (1996) described soil health as the “continued capacity of the soil to function as a 
vital living system, within ecosystem and land-use boundaries, to sustain biological 
productivity, maintain the quality of air and water environments, and promote plant, 
animal, and human health.”  Typically, ‘healthy’ soils are characterized by proficient 
nutrient cycling, plentiful and diverse organisms, sufficient water infiltration and holding 
capacity, and production of healthy crops and vegetation. Because these properties are 
interconnected and dynamic, quantifying the health of a soil and the corresponding 
impacts of soil management activities can be difficult. In general, however, management 
practices that return and increase soil organic carbon (SOC) are vital to improving soil 
health because carbon (C) is the primary energy source in soil systems (Doran et al., 
1996; Herrick, 2000; Kibblewhite et al., 2008). 
Soil erosion costs the US $44 billion every year in productivity losses and off-
field impacts of sedimentation and pollution. In addition to being a primary region for 
crop and livestock production in the United States, the Great Plains is also plagued by 
substantial soil erosion via water runoff and wind, further degrading soil (Baumhardt et 
al., 2015). Creating a sustainable production system requires addressing limitations to 
productive capacity and economic return, and balancing that with the environmental 
impacts of the system. Conservation practices such as planting cover crops, minimizing 
or eliminating tillage, and leaving plant residue on cropland are promoted for reducing 
negative environmental impacts and improving soil health. However, utilizing livestock 
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manure as a soil amendment on agricultural cropland has received comparatively less 
attention as a practice for improving soil health. The few reviews on this topic have 
reported some beneficial effects on soil properties and crop production following animal 
manure application, but noted risks for nutrient leaching and runoff if manure is applied 
at rates above optimum levels (Diacono and Montemurro, 2010; Edmeades, 2003; 
Haynes and Naidu, 1998).  
Some studies have recently concluded that when livestock manure is properly 
managed by applying at an appropriate rate using appropriate methods, potential 
environmental risks are minimal (Diacono and Montemurro, 2010; Hargreaves et al., 
2008). In fact, with proper management, manure has been shown to increase soil 
biological diversity, aggregation, and nutrient cycling (Graham et al., 2010). 
Additionally, Wortmann and Shapiro (2008) established that a one-time application of 
manure can significantly decrease erosion and runoff and increase drought tolerance. 
However, other studies have reported some conflicting results when assessing the effect 
of a single application manure on SOC and microbial abundance (Braman et al., 2016; 
Reeve et al., 2012; Charles S Wortmann and Walters, 2006).  
In certain areas of intensive livestock production, over-application of nutrients 
can occur when sufficient land is not available to livestock system operators to 
accommodate manure production. While some livestock producers are challenged with 
managing excess nutrients, application of inorganic fertilizers to nearby cropland 
represents a net increase of nutrients to the region, contributing to an imbalance and over-
application of nutrients as a whole. One solution is to encourage the recycling of locally 
available nutrients, such as livestock manure, prior to considering use of commercial 
3 
fertilizer. Connecting livestock farmers who have an excess of livestock manure with 
crop farmers who can utilize manure as a fertilizer and offset application of inorganic 
fertilizer can provide a “win-win” situation for the producers and the environment. For 
crop farmers, managing fertility expenses (comprising up to 40% of crop input costs) and 
improving soil health are critical to the sustainability of their production systems. 
Increasing the responsible use of livestock manure in crop fertility programs to improve 
sustainability of both livestock and crop farms necessitates equipping farmers and their 
advisors to recognize fields with the greatest potential for economic and natural resource 
benefits from manure. 
Nebraska is a national leader in crop and livestock production in the United States 
with the potential to substantially increase livestock production in the coming years 
(Aiken et al., 2015). This expansion could lead to regional nutrient imbalances caused 
when commercial fertilizer is imported for crop production while manure is treated like a 
waste product rather than an asset. Currently, manure is underutilized in Nebraska (FAO, 
2018; USDA- NASS, 2016). Thus, there is an opportunity for increased utilization of 
manure as a practice to improve soil health in Nebraska. However, producers are hesitant 
to adopt conservation practices to protect these resources due to lack of optimization of 
application rates and further demonstration of benefits (Carlisle, 2016; Lobry de Bruyn et 
al., 2017; Reed, 2008). A large portion of studies focusing on the long-term effects of 
manure application are conducted in other states or countries rather than in Nebraska (e.g. 
Foster et al., 2016; Giacometti et al., 2013; Lalande et al., 2000). Thus, the evaluation of 
the effectiveness of manure application as a method to improve soil health is needed in 
order to foster its utilization by agricultural producers. 
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Another area of concern in the Great Plains and Nebraska is eastern redcedar 
invasion. Eastern redcedar (Juniperus virginiana L.) is often planted in windbreaks, and 
Nebraska leads the nation in the number of eastern redcedar  seedlings distributed for 
conservation purposes (Ganguli et al., 2008). Recently, it has been observed that because 
of its adaptability to a wide range of soil types and climatic conditions, the species has 
become invasive. Within 15-30 years of initial eastern redcedar encroachment, 
productivity of rangeland for cattle grazing decreased by 75% (Engle and Kulbeth, 1992; 
Limb et al., 2010). Once encroachment begins, landowners typically perceive the risk to 
rangeland as low and do not manage the trees until rangeland productivity ceases (Harr et 
al., 2014). However, the management of eastern redcedar is critical in Nebraska to 
prevent grassland from converting to a closed canopy ecosystem. 
Developing a new market and raising awareness of redcedar encroachment is 
essential to incentivizing landowners to manage forest, riparian, and rangeland areas. 
Thus, a collaborative project was started in 2015 in the Nebraska Sandhills to assess and 
promote the usage of two waste products, manure and woodchips generated from tree 
clearing activities, as amendments to improve soil health. While research has been 
abundant on the effects of mulching using crop residues for soil quality improvement 
(e.g. Chakraborty et al., 2008; Jordán et al., 2010; Mulumba and Lal, 2008; Rees et al., 
2002), research regarding the effects of woodchip applications on agricultural fields is 
limited. The surface application of woody biomass has been shown to significantly 
increase soil moisture and SOC (Fentabil et al., 2016; Stevenson et al., 2011). 
Additionally, while two lab studies and one field study showed that woody biomass 
application did not affect soil nitrate concentrations (Li et al., 2018; Stevenson et al., 
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2011; Tiquia et al., 2002), Fentabil et al. (2016) indicated that soil nitrate concentrations 
were reduced. In terms of the effect of woodchip application on biological properties, 
results are mixed. Li et al. (2018) reported no effect on soil respiration or microbial 
biomass N and a reduction in microbial biomass C when compared to no amendment 
while Stevenson et al. (2011) reported increases in all three metrics. 
This project aimed to discover and disseminate knowledge that agricultural 
producers and landowners can use to improve the ecological systems in which they live. 
Soil conservation and quality as critical factors of agricultural system sustainability were 
addressed through research integrating crop production, livestock manure management 
and forestry management. Specifically, a cross-cutting practice of utilizing redcedar tree 
biomass and livestock manures to positively impact soil quality and crop productivity 
was investigated. 
Objectives for Evaluating Soil Amendments 
The primary objectives of this work were to: 
1. Assess the current state-of-the-science on the impacts of manure on soil 
health properties and identify gaps in knowledge in order to direct future 
research and educational programs intended to demonstrate the value of 
manure to the sustainability of agricultural cropping systems (Chapter 2). 
2. Evaluate the impact of woody biomass either alone or co-mingled with 
swine manure, cattle manure, or inorganic nitrogen (N) on soil physical, 
chemical, and biological properties, soil moisture and temperature, and 
crop production metrics in the Nebraska Sandhills (Chapter 3). 
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3. Assess the impact of soil amendment with woody biomass and sources of 
organic and inorganic N on groundwater quality, greenhouse gas 
emissions and C and N balances in soil columns (Chapter 4). 
4. Evaluate potential adoption of woody biomass as a soil amendment by 
local stakeholders using a survey after demonstrating the impacts of these 
innovative strategies through a field day (Chapter 5). 
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Abstract 
Previous literature reviews that are applicable to agricultural producers containing 
data reporting the impacts of animal manure and organic biosolids on soil health 
properties were lacking. The objectives with this paper were to: (1) synthesize published 
research literature describing impacts of livestock manure and other organic biosolids on 
soil properties used to define ‘soil health’, and (2) identify knowledge gaps and 
summarize research needs to improve future contributions to the state of the science on 
this topic. The evaluation of the impact of manure and biosolids on soil health properties 
is difficult to do based on current literature because 1) there are inconsistent research 
methodologies between individual research studies, and 2) there are few comprehensive 
studies that have included all soil health properties. Overall, manure and biosolid 
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applications have the potential to improve the health of agricultural soils. These organic 
amendments add significant amounts of organic C to soil, which has positive effects on 
other soil health metrics. Bulk density and compaction are decreased and SHC is 
improved. These physical changes positively improve the plant root environment. The 
addition of organic C provides an energy source for soil biology, increasing microbial 
abundance. Nutrient cycling and retention is also improved as measured by microbial 
respiration and CEC, respectively, when applications of manure and organic biosolids are 
compared to inorganic fertilizer. However, improvements in research methodologies need 
to be improved in order to: (1) quantify soil biological metrics, (2) investigate the short- 
and long-term effects of a single application of manure or biosolids, (3) study nutrient 
application balance on an annual or multi-year basis, and (4) discuss how research 
findings translate into management decisions relevant to agricultural crop producers. 
KEYWORDS: livestock manure; municipal biosolids; soil health; soil carbon; biology 
Introduction 
 Manure was used by our agricultural ancestors to fertilize plants as many as 
8,000 years ago (Bogaard et al., 2013) and continues to be a critical component of crop 
fertility plans among modern-day crop farmers worldwide. However, technological 
progress in farming during the 20th century reduced the cost of production and fueled the 
aggregation of small farms to created fewer and larger farms in the US. With this 
consolidation, many farmers began to transition from diversified crop and livestock 
systems to more specialized operations. From 1987 to 2012, the proportion of midsize 
farms (100-999 acres of cropland) dropped persistently from 57 percent to 36 percent 
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while the proportion of large farms (2,000 acres or more) rose from 15 to 36 percent 
(USDA-ERS, 2018). The consolidation of livestock operations also occurred over this 
same 25-year period, but did so more episodically, driven by market conditions and 
advances in breeding, biosecurity and nutrition that increased efficiencies of managing 
animals. 
Soil biology is recognized as an important contributor to overall soil health (de 
Paul Obade and Lal, 2016; Kibblewhite et al., 2008) as the fauna inhabiting soil impact 
many physical and chemical characteristics important to soil fertility. The separation of 
livestock production and crop production, along with the ever-increasing need to produce 
more food to feed the growing world population, has led to tremendous increases in the 
application rates of inorganic nitrogen (N), phosphorus (P) and potassium (K) fertilizers. 
While the use of inorganic fertilizers has led to high productivity of crops, continuous use 
of fertilizers has yielded unintended economic, biological and environmental problems. 
Research demonstrates a decrease in the abundance and diversity of soil microarthropods 
with application of nitrogen fertilizer (Gardi et al., 2008; Siepel and van de Bund, 1988). 
Further, application of high concentrations of P decreases populations of arbuscular 
mycorrhizal fungi (AMF), which are important contributors to soil structure and nutrient 
cycling (Ryan et al., 2000). 
Typically, ‘healthy’ soils are characterized by proficient nutrient cycling, plentiful 
and diverse organisms, sufficient water infiltration and holding capacity, and productive 
and healthy crops and vegetation (Kibblewhite et al., 2008). These characterizations are 
all biologically driven. For example, AMF forms symbiotic relationships with vegetation 
using a system of fungal hyphae, which improves plant productivity and soil structure by 
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improving soil aggregation (Bronick and Lal, 2005). Soil microarthropods play critical 
roles in ecosystems by promoting nutrient cycling, organic matter (OM) decomposition 
and stabilization, and soil structure improvement (Kladivko et al., 2011). While practices 
such as planting cover crops, minimizing or eliminating tillage, and leaving plant residue 
on cropland are commonly promoted for improving soil health, utilizing livestock manure 
and organic biosolids as soil amendments on agricultural cropland has received 
comparatively less attention. 
There have been plentiful previous research studies and several literature reviews 
about the effect of manure on individual soil properties. However, there are some 
conflicting conclusions drawn from these reviews and individual studies. Several reviews 
have reported beneficial effects of animal manure application on soil properties and crop 
production but noted risks for nutrient leaching and runoff from manure if applied at rates 
above optimum levels (Cogger et al., 2006; Diacono and Montemurro, 2010; Edmeades, 
2003; Haynes and Naidu, 1998). Others have recently argued that when these organic 
amendments are properly managed by applying at an appropriate rates, potential 
environmental risks are minimal (Diacono and Montemurro, 2010; Hargreaves et al., 
2008; Sharma et al., 2017; Zavattaro et al., 2017). However, these literature reviews fail 
to take into account inconsistent methodologies between individual research studies and 
whether or not research is applicable to producers utilizing livestock manure and organic 
biosolids as amendments to improve soil health. 
As the campaign to improve agricultural soil health has gained momentum among 
conservationists and researchers worldwide, a comprehensive assemblage of outcomes 
from manure and soil health-related research studies is important. Particularly, the 
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identification of knowledge gaps is an important step to direct future research that 
informs soil health improvement outreach programs. A thorough review of data reporting 
the impacts of animal manure and organic biosolids on soil health properties that is 
applicable to agricultural producers is lacking. Thus, our objectives with this paper are to: 
(1) synthesize published research literature describing impacts of livestock manure and 
other organic biosolids on soil properties used to define ‘soil health’, and (2) identify 
knowledge gaps and summarize research needs to improve future contributions to the 
state of the science on this topic.  
Review Methodology 
This systematic review is based on peer-reviewed studies that evaluated the effect 
of livestock manure and organic biosolids on soil health properties. We identified and 
systematized articles using several steps. First, the Web of Science and Google Scholar 
databases were searched using soil health keywords in conjunction with ‘manure’, 
‘municipal biosolids’, and ‘compost’. The soil health keywords utilized are listed in 
Table 2.1 and are based on previous reviews identifying key indicators of soil health 
(Doran et al., 1996; Karlen et al., 1997). Second, studies had to meet the following 
criteria in order to be included: (1) replicated field trials written in English, (2) manure or 
organic biosolid application was the only differing factor between treatments, and (3) 
include data that was statistically analyzed to compare organically amended treatments to 
a control. Using this methodology, 219 peer-reviewed papers were identified. Of these 
only 163 met all three criteria. Additionally, 15 review articles were identified. Third, 
articles were excluded from use within synthesized tables if they did not express data so 
the change in a particular soil property could be accurately compared to the control. 
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Fourth, all papers were cataloged using a citation manager and organized using reported 
soil property metric type (biological, physical, and chemical). For an article to be 
considered a ‘manure and soil health’ study, it had to have at least one component from 
each column of Table 2.1. In total, 14 ‘manure and soil health’ studies were identified. 
Manure and Biosolids as Fertilizer Sources 
Manure production and characteristics 
The growing world population is increasing the production of livestock manure 
through increased demand for meat and other animal products (FAO, 2018b). In the past 
decade, worldwide manure production has increased by 10% (Table 2.2). This manure 
production accounts for all livestock. In the United States, livestock for commercial 
production primarily includes cattle (beef and dairy), swine, and poultry (USDA- NASS, 
2016). Manure characteristics are highly variable and depend upon animal species diet, 
housing type, and storage techniques among other factors (Table 2.3; NRCS, 2008). In 
general, animal manures are high in organic carbon and contain nutrients essential to crop 
production such as nitrogen, phosphorous, potassium, and micronutrients.  
On-farm management of animal manure is highly variable. Depending upon 
housing and storage type, livestock manure is handled as either a liquid or solid (beef and 
poultry). Some livestock production facilities will utilize straw or other crop residues as 
bedding material which is inevitably mixed with the manure. These manures are often 
referred to as either farmyard manure or deep-pack systems. An additional management 
technique is to compost manure to reduce odor, eliminate weed seeds and pathogens, 
concentrate nutrients, and reduce transportation costs due to decreased weight and 
volume (Bernal et al., 2009). 
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2.2 Municipal biosolid production and characteristics 
An increasing world population is also increasing the production of human 
biosolids and wastewater. When sewage is treated in a wastewater treatment plant, solids 
are separated from liquids through multiple methods (Haynes et al., 2009). This 
separated, untreated solid portion is termed ‘sewage sludge’. Once the sewage sludge has 
been treated through either aerobic or anaerobic digestion it is defined as a ‘biosolid’. 
Sometimes other municipal organic solids such as yard and food refuge, are added to the 
biosolids, which is then referred to as ‘municipal solid waste’. Like manure, municipal 
biosolids are also high in organic carbon and plant essential nutrients (Table 2.3). 
Similarly, biosolids can be composted to reduce pathogens and total volume. However, 
when municipal biosolids are dewatered and/or composted, heavy metals, such as Cu and 
Zn, are concentrated (Cogger et al., 2006). For this reason, the US EPA regulates the 
concentrations of heavy metals in biosolids for land application to minimize risks (US 
EPA, 1995).  
2.3 Utilization of manure and biosolids as fertilizer sources 
The high concentration of organic carbon and plant essential nutrients in manure 
and organic biosolids make them excellent fertilizers (Table 2.3). However, manure is 
greatly underutilized as a fertilizer; only about 22% of the manure produced worldwide is 
applied as fertilizer (Table 2.2). In the last decade, agricultural production land, manure 
production, and inorganic N production and usage have all increased. However, manure 
usage has remained relatively stagnant. Utilization of other organic biosolids as fertilizers 
is also low with only 60% utilization in the United States and Canada (Cogger et al., 
2006). This underutilization can yield regional nutrient imbalances when inorganic 
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fertilizers are imported to meet crop nutrient needs that locally produced fertilizers could 
supply. These nutrient imbalances are one area of concern for water quality (Drinkwater 
and Snapp, 2007).  
Impact of Manure and Biosolids on Soil Chemical Properties 
The effect of manure and organic biosolids on soil chemical properties is heavily 
dependent upon the chemical properties of the applied amendment. Several reviews have 
discussed the effect of manure and organic biosolids on soil chemical properties such as 
soil C and organic matter (SOM), N,P,K, cation exchange capacity (CEC), and pH 
(Choudhary et al., 1996; Cogger et al., 2006; Diacono and Montemurro, 2010; Edmeades, 
2003; Hargreaves et al., 2008; Haynes and Naidu, 1998). In general, soil chemical 
properties have been extensively investigated and summarized as evidenced by Table 2.4. 
However, these literature reviews failed to account for differences in methodologies 
within individual research studies and whether or not research is applicable to crop 
producers utilizing livestock manure and organic biosolids. 
There are three common types of bias that regularly occur in manure and organic 
biosolid research related to comparison of chemical properties. The first is when these 
organic amendments are applied at an arbitrary rate and compared to full fertilization 
with inorganic sources (e.g. Fraser et al., 1988; Lalande et al., 2000; Franco-Otero et al., 
2012; González Polo et al., 2014). The second type is when inorganic nutrients are 
applied for full fertilization and manure or biosolids are added (e.g. Manna et al., 2005; 
Zhao et al., 2009; Chakraborty et al., 2011; Sathish et al., 2016). The last type of bias is 
when manure and biosolid applications are compared to no fertilization at all (e.g. Felipe 
Bastida et al., 2008; Giacometti et al., 2013; Braman et al., 2016). These biases have 
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direct impact on the way that research studies are interpreted. For example, when crops 
are given adequate nutrients, crop yields are increased compared to unfertilized controls 
(Xin et al., 2016). The fertilized treatments, regardless of fertilizer source, tend to have 
higher SOC due to higher plant biomass. Thus, when a treatment provides less N than 
another treatment, comparisons of soil properties, such as soil N and SOC, are biased. 
Further, when manure is applied annually on the basis of crop N requirement, P and K are 
often over applied while application of these nutrients can be more prescriptive when 
using inorganic fertilizer (Edmeades, 2003). When manures are applied annually to meet 
crop N rate requirements or at higher application rates than required by the crops as a 
means of “disposal” of the manure, P and K will likely accumulate in the soil. Inherently, 
the potential for nutrient discharges to surface water during runoff and erosion even after 
applications have ended is increased due to methodology (Charles S Wortmann and 
Walters, 2006). Thus, it is critical to assess the applicability of the results of these studies 
to crop producers utilizing livestock manure and organic biosolids. 
Soil organic matter and carbon 
Soil C and SOM are key indicators of soil health. Soils higher in organic matter 
and C concentrations are considered to be healthier (Doran et al., 1996; Kibblewhite et 
al., 2008). Soil organic matter is comprised of organic residues, such as plant materials 
and animal remains, which are in varying states of decomposition ranging from fresh to 
completely decomposed. It also includes living and dead microbes and their byproducts; 
the portion of SOM partitioned to living microbes is known as microbial biomass. Soil C 
concentration is difficult to quantify and predict, and is dependent upon the C:N ratio of 
the amendment, application rate, and how the amendment is applied to soil (surface 
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applied, injected, incorporated, etc.) (Diacono and Montemurro, 2010; Stockmann et al., 
2013). Additionally, factors that are not related to manure addition, such as temperature, 
moisture content, cropping system, and soil type are important.  
The application of livestock manure and organic biosolids generally increases 
SOC although exact increases are variable.  Bhogal et al. (2009) reported that only 
approximately 20% of manure organic C persists in soil after one year. This is due to the 
transient nature of labile organic matter and only organic matter that is stabilized persists 
(Diacono and Montemurro, 2010). In their review, Edmeades (2003) reported that 
manure increases SOM by over 300% when compared to inorganic fertilizer. In a recent 
meta-analysis of Chinese research studies, when livestock manure was directly 
substituted at an N rate, SOC was increased 33% compared to inorganic N (Xia et al., 
2017). However, the rate of SOC sequestration significantly decreased the longer manure 
was substituted for fertilizer. These wide ranges emphasize the high variability of the 
effect of livestock manure on soil C and SOM. 
Through our literature review, we identified eight research studies which balanced 
N or P additions to soil when comparing the effects of manure and biosolids on soil 
properties (Table 2.5). These studies are important in order to avoid bias in result 
interpretation since livestock manure and organic biosolids are often substituted for 
inorganic fertilizers. In fact, a meta-analysis of the effect of farmyard manure on soil 
properties in Europe showed that the over application of N, resulted in an average 
increase of SOC of 12% over appropriate rates (Zavattaro et al., 2017). For the six (of the 
eight) balanced N studies that included measurements of SOC, majority reported 
significant increases. These increases ranged from 8% after 12 years of applications to 
22 
 
 
78% after only 5 years (Chang et al., 2014; Guo et al., 2016). However, these results are 
not surprising because even though N applications were balanced, manure and biosolid 
applications add C. 
The studies included in Table 2.5 represent a wide range of study durations, 
locations, and soil types. Majority of the studies investigated the effects of livestock 
biosolids; municipal biosolids were only utilized in two short-term studies. Neither of 
these studies reported significant differences in SOC (Mylavarapu and Zinati, 2009; 
Poulsen et al., 2013). Three investigated the effects of livestock manure and organic 
biosolids intermingled with inorganic fertilizers. This research found that increasing 
proportions of livestock biosolids significantly increased SOC compared to total 
fertilization provided by inorganic sources (Guo et al., 2016; Li et al., 2015). By applying 
25% of annual N via cattle manure compost for 5 years, SOC was increased by 21% over 
100% inorganic N. 
Even though majority of research studies focused on the effect of repeated annual 
additions of livestock manure and organic biosolids on soil C, four studies investigated 
residual effects of livestock manure on SOC. Reeve et al. (2012) investigated the impact 
of a single application (50 Mg DM ha-1) of compost and observed significant SOC 
increases 16 years after application after not observing differences two years prior (14 
years after application). The three other studies investigated the effects of multiple 
applications of livestock biosolids after applications ceased. In two of these, SOM was 
significantly increased up to sixteen years after applications ended (Indraratne et al., 
2009; Charles S Wortmann and Walters, 2006). However, differences were not observed 
for all previous application rates after 16 years; only previous application rates above 60 
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Mg ha-1 for 14 years had significantly higher SOM (Indraratne et al., 2009). Additionally, 
Eghball et al. (2004) did not observe differences in SOC after manure applications 
ceased, but SOC differences were not observed as a direct result of this study either. In 
general, higher rates of organic amendment addition appear to have residual effects on 
SOC and SOM. Notably, temporal effects of single applications of livestock manure and 
organic biosolids have not been studied. 
Nitrogen, Phosphorous, and Potassium 
Available nutrients, like N, P, and K, are important soil health indicators (Doran 
et al., 1996; Karlen et al., 1997). The size of the overall nutrient pool size and ability for 
cycling by soil biology are important for plant productivity and potential environmental 
risk. Most livestock manure and organic biosolid studies include measurements of N, P, 
and K in both the soil and amendment since these nutrients are mainly used as a source of 
fertilizer in crop production (Table 2.3). Livestock manure and organic biosolids provide 
organic N and organic P, which inorganic fertilizers do not contain. When organic N is 
applied to soil, N is slowly released over several years as soil microbes mineralize it into 
ammonium for crop uptake (Cote and Ndayegamiye, 1989; Kowaljow et al., 2017; 
Monaco et al., 2008; Robertson and Groffman, 2015). Organic P applied with manure 
increases the proportion of soil P that is plant available compared to P applied from 
inorganic sources (Ohno et al., 2005). 
Several of the studies listed in Table 2.5 also reported soil total N, available P, 
and available K. Even though N rates were balanced, several studies reported increases in 
total N (Chang et al., 2014; Eghball, 2002; Khaliq and Kaleem Abbasi, 2015; Li et al., 
2015; Tian et al., 2015). Guo et al. (2016) also reported total N differences in a graphical 
24 
 
 
format, and the treatments that contained 50% or more cattle manure compost had 
significantly greater total N. Of these studies, though, only Eghball (2002) accounted for 
N that would become available via mineralization in subsequent years and adjusted 
annual manure applications. Nonetheless, this study also reported increases in total N 
when manure or compost was applied at an N rate. These studies indicate that the total N 
pool was increased and could be due to increased N mineralization in addition to 
increased N use efficiency (Bhogal et al., 2009). 
All the studies that reported available P and available K included in Table 2.5 had 
statistically greater concentrations than inorganic fertilizer. However, none of these 
studies balanced P and K application rates with the rates of inorganic fertilizer. Further, a 
few of these studies applied inorganic P and K to all treatments (Chang et al., 2014; 
Khaliq and Kaleem Abbasi, 2015). This additional P and K was not necessary and 
inherently resulted in large increases in soil nutrients compared to inorganic fertilizer. 
When only half the N was applied with livestock manure, soil P and K concentrations 
were significantly reduced compared to full the rate supplied by manure (Khaliq and 
Kaleem Abbasi, 2015). By not balancing all nutrient applications, soil P and K pools 
increased significantly and pose significant risk for nutrient losses. 
Residual effects of manure application on soil nutrients were investigated by four 
studies. For the two studies that included soil N, one found no residual effects of manure 
application (Eghball et al., 2004) while the other found soil N was significantly increased 
for 16 after application ceased (Indraratne et al., 2009). However, the conflicting results 
can be explained through the research methodology. Eghball et al. (2004) applied four 
years of cattle biosolids at both N and P rates and compared them to inorganic fertilizer 
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while Indraratne et al. (2009) applied 14 years of cattle manure compost at several rates 
and compared these treatments to a treatment receiving no nutrients. Soil P and plant 
available P were significantly greater after applications ceased for all studies that 
investigated residual effects of organic biosolids (Eghball et al., 2004; Indraratne et al., 
2009; Reeve et al., 2012; Charles S Wortmann and Walters, 2006). Additionally, soil K 
was also significantly increased after application of organic biosolids in the single study 
that included measurement (Reeve et al., 2012). Since organic biosolids have high 
concentrations of P and K (Table 2.3), it is not surprising that soil concentrations remain 
high for several years after application ceases. 
Balanced nutrient applications are critical for effective comparisons between the 
effects of inorganic and organic fertilizers on soil N, P, and K. For example, studies that 
balanced N application had evidence of increased N use efficiency. Additionally, by not 
balancing all nutrient applications, soil P and K pools increased significantly with organic 
biosolid application and pose significant risk for nutrient losses. 
pH 
The effect of manure and organic biosolids on pH depends upon the initial pH of 
the soil, the pH of the amendment, the amount of amendment, and the buffering capacity 
of the soil. Edmeades (2003) concluded that there is no consistent effect of manure on 
soil pH, and this was supported by Diacono and Montemurro (2010). However, research 
has documented that beef manure and beef manure compost provide a short-term liming 
effect on soils with lower pH (Azeez and Van Averbeke, 2012; Eghball, 2002; Murphy et 
al., 2005; Whalen et al., 2000). Poultry manure had similar effects when applied at a rate 
of 4 Mg ha-1 yr-1 for two years as well as at 27 Mg ha-1 yr-1 for five years (Khaliq and 
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Kaleem Abbasi, 2015; Kingery et al., 1994). In their nine-year study, Morales et al. 
(2016) did not observe significant differences in soil pH among a no amendment 
treatment and a pig slurry application of 100 kg N ha-1 yr-1 or deep-litter pig manure. 
However, pig slurry decreased soil pH at an application rate of 200 kg N ha-1 yr-1 as did 
urea applied at this same rate. For the studies included in Table 2.5 that reported pH, four 
of the six concluded that soil pH was increased compared to inorganic fertilizers. These 
studies included a wide variety of livestock manure and inorganic biosolids. These 
differences in effect on pH are likely due to dietary differences in different livestock 
types as well as initial soil conditions. 
Cation exchange capacity 
Cation exchange capacity (CEC) is important to nutrient retention for plant use 
and nutrient cycling. In general, CEC is an inherent soil property that depends upon clay 
content since clay particles are negatively charged. However, organic matter addition to 
soil will increase CEC due to its negative charge; thus, the addition of animal manure or 
municipal biosolids should increase soil CEC. Morlat and Chaussod (2008) positively 
correlated the total organic C and clay content to CEC. In general, results from field 
studies indicated that CEC increases with the addition of manure or organic biosolids 
(Coors et al., 2016; De Lucia et al., 2013; Gao and Chang, 1996; Keramati et al., 2010; 
Netthisinghe et al., 2016; Schjonning et al., 1994). Murphy et al. (2005) reported that 
CEC increased with increasing rates of pig or cattle slurry addition to grassland soil. Cote 
and Ndayegamiye (1989) found that application of cattle manure increased soil CEC 
compared to a no amendment control, but swine slurry had no effect. Additionally, both 
Alvarenga et al. (2017) and Bhattacharyya et al. (2003) reported no significant 
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differences in CEC due to organic biosolid application compared to soils with and 
without fertilization. Since soil C content cannot be straightforwardly increased with 
organic amendment addition, the timeframe and magnitude of CEC increase is also not 
straightforward because the two properties are closely related. 
Impact of Manure and Biosolids on Soil Physical Properties 
Soil physical properties, such as bulk density, aggregate stability, and water 
holding capacity, are important considerations when evaluating soil health. These 
properties directly impact plant root growth, nutrient cycling, and crop productivity.  
Bulk density and porosity 
In general, livestock manure and organic biosolids reduce bulk density in both the 
short- and long-term across many different soil types (Diacono and Montemurro, 2010; 
Edmeades, 2003; Haynes and Naidu, 1998; Khaleel et al., 1981; Thangarajan et al., 
2013). The decreased bulk density can result in improved soil porosity. Manure and 
organic biosolids have lower bulk densities than soil due to a greater proportion of 
organic C (Table 2.3), which is less dense than mineral soil particles. Thus, their addition 
to soil, can reduce overall bulk density of the soil. Both Khaleel et al. (1981) and Haynes 
and Naidu (1998) established a linear relationship between organic C added by manure 
and the reduction in soil bulk density. The average reduction in soil bulk density from 
application of livestock manure and organic biosolids is approximately 15% (Diacono 
and Montemurro, 2010).  
More recent studies have supported previous conclusions that manure and 
biosolids decrease bulk density. In their 15-year study, Chaudhary et al. (2017) concluded 
that the addition of farmyard manure (10 Mg ha-1 yr-1) combined with inorganic fertilizer 
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decreased bulk density by 10% and 5% compared to no amendment or inorganic fertilizer 
alone, respectively. The bi-annual addition of cattle manure or municipal biosolids (35 or 
18 Mg ha-1) resulted in a 7% decrease in bulk density over 15 years in a study conducted 
by Paetsch et al. (2016). After 35 years, annual farmyard manure application (15 Mg ha-1 
yr-1) decreased bulk density by 7% (D. Chakraborty et al., 2010), but after 71 years in 
another study the same rate of the same amendment (15 Mg ha-1 yr-1), bulk density was 
not significantly altered (Blanco-Canqui et al., 2015). 
Most of the studies published in the last few years have been focused on long-
term manure research sites. However, in a two-year study conducted by Forge et al. 
(2016), a 5 Mg ha-1 yr-1 addition of poultry manure did not affect bulk density. When the 
application rate was substantially raised to approximately 60 Mg ha-1 yr-1, though, bulk 
density decreased by 10% compared to soil receiving no amendment. A decrease in soil 
bulk density was also observed during a five-year study when cattle manure compost (8.9 
Mg ha-1 yr-1) was surface applied and not incorporated compared to both fertilized and 
unfertilzed soils (Guo et al., 2016). Thus, the effect of livestock manure and organic 
biosolids on soil density is likely due to the total amount of organic C applied over time.  
Two recent studies have investigated the residual effects of manure and biosolid 
applications on bulk density. Even after three years, soil bulk density was still reduced by 
20% with a single application of municipal biosolid compost (40 Mg ha-1) (Kowaljow et 
al., 2017). However, municipal solids compost applied at the same rate in the same study 
did not have the same effect. In another study, four years after the last addition of 
composted cattle manure, bulk density in surface soil was still significantly reduced (7%) 
compared to the no-amendment control (Charles S Wortmann and Walters, 2006). In this 
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study, compost had only been applied for three years before applications ceased. Both of 
these studies show that the application of manure and biosolids has a long lasting residual 
effect on bulk density but is dependent upon the amount of C added from the amendment. 
Compaction 
While bulk density is a measure of the state of compaction of soil, the 
compactibility of a soil is a measure of how susceptible the soil is to compaction. Soil 
compaction negatively impacts plant growth and biological properties, especially under 
wet conditions, because soil aeration is decreased (Magdoff, 2001). Because research 
studies on manure application often use plots, which are often too small to utilize full-
size tractors and manure spreaders for application, so manure is applied with smaller 
implements (Bassouny and Chen, 2016; Khaliq and Kaleem Abbasi, 2015). However, 
under large field-scale conditions, the movement of heavy agricultural equipment, such 
as tractors and manure spreaders, across soil can increase the risk of compaction. The 
resiliency of a soil to compaction is an important consideration for agricultural crop 
producers who apply manure utilizing this heavy equipment. This is especially important 
in the context of soil health evaluation since soil compaction could negate positive effects 
of organic biosolids on other soil physical properties, nutrient cycling, and plant 
production that were observed in plot studies. 
In most studies that investigated the effect of manure application on compaction, 
soil bulk density and penetration resistance were reported (Bandyopadhyay et al., 2010; 
Bassouny and Chen, 2016; Ismail Celik et al., 2010; Hati et al., 2006; Khaliq and Kaleem 
Abbasi, 2015; Kumar et al., 2014; Mosaddeghi et al., 2000; Schjonning et al., 1994; 
Sloan et al., 2016; Xin et al., 2016). Compared to no amendment, several studies reported 
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decreased penetration resistance with application of manure and organic biosolids 
(Bandyopadhyay et al., 2010; Bassouny and Chen, 2016; Ismail Celik et al., 2010; Hati et 
al., 2006; Khaliq and Kaleem Abbasi, 2015; Sloan et al., 2016). However, when 
compared to inorganic fertilizer application, no differences were observed in penetration 
resistance in manured amended soil, especially in shallow soil depths (less than 10 cm) 
(Bandyopadhyay et al., 2010; Ismail Celik et al., 2010; Hati et al., 2006; Khaliq and 
Kaleem Abbasi, 2015; Kumar et al., 2014). Sloan et al. (2016) found that after three years 
of municipal biosolids application, penetration resistance decreased in the top 20 cm 
compared to no amendment. However, after six years of application, penetration 
resistance was no longer significantly different in the top 10 cm of soil but was 
significantly reduced in depths from 10-20 cm. 
Soil compactibility is typically measured in-field with a penetrometer or by 
conducting a Proctor test on soil samples collected from the field (Blanco-Canqui et al., 
2015; Bradford, 1986). Two studies investigated the effect of manure application on 
compactibility measured by the Proctor test (Blanco-Canqui et al., 2015; Ekwue and 
Stone, 1995). The Proctor test incorporates soil moisture measurements in order to 
determine the critical water content at which soil can be most compacted. From their 71-
year study, Blanco-Canqui et al. (2015) concluded that the addition of cattle manure 
decreased compactibility under wet conditions more so than inorganic fertilizer or no 
amendment. The maximum Proctor bulk density was decreased by 5%, and the critical 
water content was 14% greater under the manure treatment. Ekwue and Stone (1995) also 
concluded that the addition of manure decreased maximum bulk densities while 
increasing critical water contents. The results from these studies indicate that manured 
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soil is more resistant to compaction, especially under wet soil conditions, than non-
manured soils.  
Aggregate stability 
Soil aggregates are composed of soil particles that stick together and form clods 
and can range in magnitude from micrometers to centimeters. Aggregate stability is a 
measure of how resistant soil aggregates are to breakdown, primarily through water 
forces. Soil aggregate stability affects plant root growth and water movement in soil by 
either inhibiting or permitting these processes. Literature shows mixed effects of manure 
and organic biosolid application on soil aggregate stability (Table 2.6). Overall, half of 
the studies reported increases in aggregate mean weighted diameter and percent of water 
stable aggregates compared to control soils, while the other half reported no significant 
changes. 
Haynes and Naidu (1998) surmised that when fresh manure is added to soil, the 
effect on aggregation is quick but not long lasting; however, when composted manure is 
added, soil aggregation increases slowly and persists longer. In a five-year study, Celik et 
al. (2004) compared the effect of cattle manure or compost (25 Mg ha-1 yr-1) on aggregate 
mean weight diameter to both fertilized and unfertilized soils. The authors found that 
mean weight diameter was significantly greater in the manure treatment compared to the 
both control soil while the compost treatment was only significantly greater than the 
inorganic fertilizer treatment. The two other studies that compared composted and fresh 
organic amendments only lasted two years. Forge et al. (2016) compared composted and 
fresh broiler litter applied at the same rate to a non-amended soil and found no 
differences in mean weighted aggregate diameter. When Bashir et al. (2016) compared 
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municipal solid composts at rates based on carbon content, they found that the lowest rate 
(0.25%) increased mean weight aggregate size compared to the no amendment control 
and the fresh manures at the same carbon rate. However, this relationship did not hold 
true at higher rates of carbon addition (0.5% and 1%). Thus, there are likely other factors 
than whether the amendment is composted or fresh governing soil aggregate stability. 
Improvement in soil aggregation is often attributed to an increase in SOC (Haynes 
and Naidu, 1998; Bhattacharyya et al., 2007). However, there are other factors that also 
impact aggregation. For example, Bashir et al. (2016) applied equal amounts of organic 
carbon to soil via poultry litter, farmyard manure, and municipal biosolids and cited 
differences in aggregation. They found positive correlations between microbial binding 
agents, which are by-products of microbial activity, and aggregation in poultry litter. 
Whalen and Chang (2002) cited dispersing agents found in manure as preventing 
increases in aggregation. Table 2.6 includes a wide range of organic biosolids, 
application rates, soil type, and study length. However, none of these factors seem to 
consistently affect whether organic biosolids impact soil aggregation. Additionally, 
whether organic amendments were compared to non-amended or fertilized controls 
doesn’t seem to be a factor either. 
Infiltration and saturated hydraulic conductivity 
Saturated hydraulic conductivity (SHC) is a measurement used to characterize 
infiltration rate of soil because as soil becomes saturated, the rate of infiltration 
approaches the SHC of the soil. The SHC of soil is an important soil health metric 
because increased water infiltration reduces runoff and the potential for erosion. In 
general, organic biosolid application increases SHC, but these increases are highly 
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variable (Table 2.7); Khaleel et al. (1981) reported increases ranging from 18% to 500%, 
depending upon the soil texture. This is supported by more recent studies that reported in 
Table 2.7, where increases ranged from 11% (Khaliq and Kaleem Abbasi, 2015) to 195% 
(Mosaddeghi et al., 2000). However, Bassouny and Chen (2016) found that in a silty clay 
soil, saturated hydraulic conductivity was reduced by over 40% when compared to 
inorganic fertilizer even though bulk density was decreased. In this situation, the authors 
concluded that organic matter probably blocked soil pores, so the decrease in saturated 
hydraulic conductivity was the result of reduced pore connectivity not a reduced number 
of pores. Bandyopadhyay et al. (2010) and Hati et al. (2006) both reported increases on 
the same type of soil. Only one study investigated the effect of municipal biosolids on 
SHC and found no significant differences when compared to inorganic fertilizer 
(Mylavarapu and Zinati, 2009). The lack of differences could be due to several factors, 
such as soil type or the short length of the study.  
The highest increases in saturated hydraulic conductivity occurred six months 
after farmyard manure application when compared to non-amended soil (Mosaddeghi et 
al., 2000). However, Mylavarapu and Zinati (2009) reported no significant differences 
between hydraulic conductivity in soil treated with inorganic fertilizer and soil that had 
had an application of municipal solids compost after the same time period. This could be 
due to the lower rate of compost application over a short period of time. The other studies 
that had similar rates of application had longer durations (Bandyopadhyay et al., 2010; A. 
Chakraborty et al., 2011; Hati et al., 2006).  
Manure application has also been shown to increase infiltration rate. Both 
Wortmann and Walters (2006) and Gilley and Risse (2000) presumed that reduced runoff 
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due to manure application was due to increased infiltration rate. These results were 
confirmed by several more recent studies. Infiltration rate was increased by 80% due to 
eight years of farmyard manure application (10 Mg ha-1 yr-1) (R. Bhattacharyya et al., 
2007; De Lucia et al., 2013). Sloan et al. (2016) also noted an increase in infiltration rate 
due to biosolid addition but did not report the data. However, Sathish et al. (2016) 
reported no significant differences in infiltration rate with two years of farmyard manure 
application (10 Mg ha-1 yr-1). The lack of differences in this study supports that total C 
applied over time is important. When organic biosolids are applied at lower rates, the 
effect on SHC and infiltration takes longer to develop than when higher rates are applied. 
Water holding capacity 
The effect of manure application on soil water holding capacity characteristics is 
mixed (Table 2.8). Some authors reported increases in plant available water while others 
reported no differences. Khaleel et al., (1981) concluded that manure application doesn’t 
alter plant available water because both the permanent wilting point and the field capacity 
are increased. Since plant available water is the difference between the two, the overall 
effect of manure and biosolid application on this measurement is unchanged. A more 
recent study by Blanco-Canqui et al. (2015) supports this conclusion while one by 
Bassouny and Chen (2016) conflicts it. However, many of the studies included in Table 
2.8 do not include measurements of both field capacity and permanent wilting point.  
The studies included in Table 2.8 represent a wide range of organic biosolid 
types, locations, length of the study, application rates, and soil textures. In general, it 
appears that soil texture could impact whether manure and organic biosolids have an 
effect on soil water holding capacity or plant available water. For example, for the five 
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studies that involved sandy loams, four reported that the application of manure did not 
impact plant available water or water holding capacity (Blanco-Canqui et al., 2015; Das 
et al., 2016; Forge et al., 2016; Sathish et al., 2016). Chakraborty et al. (2010), however, 
reported a 23% increase in plant available water due to the application of farmyard 
manure (10 Mg ha-1 yr-1). However, the method for manure application was not stated. 
All the other studies had incorporated the manure. Other studies support this conclusion 
that soil texture plays an important role in the effect of manure and biosolids on water 
holding capacity. Several authors who included clayey and fine loam soils reported 
increases in plant available water or water holding capacity (Aggelides and Londra, 2000; 
Bassouny and Chen, 2016; Zhao et al., 2009). 
Impact of Manure and Biosolids on Biological Soil Properties 
Soil biological indicators, such as abundance, activity, and diversity of soil fauna, 
are important considerations when evaluating soil health. The soil food web provides 
many ecosystem goods and services that generates interconnection between soil biology 
and soil physical and chemical properties, such as nutrient cycling and transformation, 
soil stability, and biological control of pests (Kibblewhite et al., 2008). The soil food web 
is made up of many trophic levels where organisms at each level consume those at lower 
levels. Soil biological characteristics are useful as soil health indicators because they are 
sensitive to management and well-correlated with beneficial soil functions (Doran and 
Zeiss, 2000). For example, soil fungi improve soil structure by increasing aggregate 
stability by the formation of hyphae that bind soil particles and are negatively affected by 
tillage (Bronick and Lal, 2005). However, it is important to consider multiple aspects of 
the food web because the presence of upper trophic levels indicates a large enough 
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population of lower levels to sustain them. Soil is ‘healthier’ with greater soil 
biodiversity, higher microbial activity, and greater faunal abundance (Obriot et al., 2016). 
Despite its importance, few studies have investigated the impact of manure on soil 
biology. Majority of the studies included in Table 2.3 include measurements of microbial 
abundance. 
Microbial abundance, diversity and activity 
Microbial biomass C (MBC), or called simply ‘microbial biomass’, is a 
component of SOM that is used as a measure of microbial abundance in the soil (Vance 
et al., 1987). Microbial biomass responds to soil management practices more readily than 
SOC as it is affected by factors such as soil moisture, temperature, pH, and soil structure. 
For example, tillage practices that destroy natural soil structure and introduce oxygen to 
the soil, have lower MBC than no-tillage (C. S. Wortmann et al., 2008). Another 
important factor is the quality and quantity of soil C as it’s the food source for microbes. 
Unstable C found in crop residues, manure, and other animal byproducts is decomposed 
by microbes and assimilated. Only the C that is assimilated in the living microbial 
biomass is released via C dioxide when soil microbes are lysed. Therefore, MBC is 
measured by either fumigation-extraction or fumigation-incubation (Brookes et al., 1985; 
Vance et al., 1987). 
Majority of both long-term and short-term studies have shown that manure or 
biosolid application increases MBC in soils (Table 2.9). The length of these studies 
ranged from half a year (Franco-Otero et al., 2012) to 44 years (Giacometti et al., 2013). 
The increase in MBC ranges from 10% (Manna et al., 2005) to nearly 200% (Sathish et 
al., 2016). These results are similar to the effect of organic amendments on SOC; both 
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properties increase with the addition of manure or biosolids. MBC concentrations are 
highly variable, ranging from approximately 40 mg C kg-1 soil to 1400 mg C kg-1 soil. 
Variation could be due differences that were not consistent across studies, such as 
cropping system, climate, seasonality, soil type, and measurement method. Most notably, 
long term applications of these organic amendments did not cause a significant decrease 
in MBC. 
For studies investigating the effect of manure on MBC, most did not balance 
nutrient application rates between treatments. Majority of studies compared manure or 
biosolid application with either a no amendment control or an inorganic fertilizer 
amendment (Table 2.9). Additionally, many of the studies applied inorganic fertilizer in 
addition to the organic amendments. Four of the twenty-four studies included in Table 
2.9 applied manure and biosolids so that the N application was equal between treatments 
(Bittman et al., 2005; Chang et al., 2014; Li et al., 2015; Poulsen et al., 2013). Most of 
the studies that applied equal N rates concluded that manure increased MBC when 
compared to inorganic N sources (Bittman et al., 2005; Chang et al., 2014; Li et al., 
2015). These increases ranged from 53% (Bittman et al., 2005) to 178% (Li et al., 2015).  
Only one study investigated the effect of municipal biosolids on MBC with equal N rates 
and found that neither composted municipal solids nor sewage sludge increased MBC 
(Poulsen et al., 2013). For this study, neither of the other two treatments (cattle slurry and 
deep-pack cattle manure) were found to affect MBC. Additionally, one of these studies 
also concluded that MBC still increases when half the N is supplied by manure and half 
by inorganic N (Li et al., 2015). 
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Only four studies have investigated the residual effect of manure or biosolid 
application on MBC. Braman et al. (2016) concluded that there were no differences in 
MBC concentrations five years after an application of beef compost (20 Mg ha-1) while 
García-Gil et al. (2004) found the same rate of beef manure caused a 32% increase in 
MBC after nine years. Applications of biosolids and organic solids are also variable. 
Bastida et al. (2008a) and García-Gil et al. (2004) noted increases in MBC after 1.5 and 9 
years, respectively. However, García-Gil et al. (2004) also noted there were no difference 
in MBC at a lower rate of composted municipal solids (20 Mg ha-1) as did González Polo 
et al. (2014) (40 Mg DM ha-1) after nine and six years, respectively.  
Microbial biomass nitrogen (MBN) is the measure of N assimilated into soil 
bacteria and fungi. Similar to MBC, it is measured by either fumigation-extraction or 
fumigation-incubation (Brookes et al., 1985; Vance et al., 1987). Essentially, total soil N 
is measured prior to and after soil biology is lysed, and the difference is attributed to N 
immobilized in soil microbes. Since amendments like manure and biosolids have a low 
C:N ratio, mineralization of N tends to dominate over immobilization, which makes N 
available for crop utilization. When microbes utilize food stocks with high C:N ratios, 
such as corn residue, more N is immobilized and less is available for crop utilization. 
With an abundance of both C and N present, soil microbial populations increase because 
their needs are easily met, and they can reproduce as long as other soil conditions, such as 
temperature and moisture, are adequate (Robertson and Groffman, 2015). 
The effect of manure and biosolid application has not been as widely researched 
as the effect on MBC; only nine studies are synthesized and none of them investigate the 
effect of biosolid application (Table 2.10). In most studies, manure application increased 
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MBN. These increases ranged from 18% (Adeli et al., 2008) to 178% (Li et al., 2015).  
The concentration of MBN in soil was variable, ranging from 12.3 mg N kg-1 soil to 119 
mg N kg-1 soil. Three of the nine studies utilized equal rates of N. When N is applied at 
equal rates, dairy compost increased MBN by 178% compared to inorganic fertilizer 
while dairy slurry and swine manure compost increased MBN by 64% and 104%, 
respectively (Bittman et al., 2005; Chang et al., 2014; Li et al., 2015). In one study, when 
only half the nitrogen was applied via manure, MBN was still increased by over 100% 
(Li et al., 2015). Bhogal et al. (2009) also applied equal rates of N and obtained a linear 
relationship between MBN and N application rate; for every 1 t manure N ha-1 applied 
increases MBN by 88% compared to the same amount of N applied via inorganic 
fertilizer. It’s possible that the other study that did not report increases in MBN applied 
too little N with the manure (Bittman et al., 2005). 
There are several indicators for assessing microbial diversity in soil. However, 
due to cost and time constraints, this metric is only occasionally included (Allen et al., 
2011; Doran and Zeiss, 2000; Kibblewhite et al., 2008). One common measurement of 
microbial diversity is an assessment of phospholipid fatty acids (PLFA). This 
measurement estimates the abundance of specific cellular components for bacteria, fungi, 
and protozoa. The relative abundance of each type of organism gives insight into the 
diversity. DNA analysis has also been utilized to characterize the diversity of soil 
microbial communities (Li et al., 2015). For the studies that reported community 
composition data, majority concluded that while bacterial and fungal populations 
increased with manure and biosolid application, the ratio of bacterial and fungal 
populations did not change (F. Bastida et al., 2008; Felipe Bastida et al., 2008; Elfstrand 
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et al., 2007; Giacometti et al., 2013). Marschner et al. (2003) and Chang et al. (2014) did 
report an increase in the ratio of bacterial to fungal populations. Overall, however, results 
indicate that while microbial abundance increases, microbial diversity does not change. 
Several studies have cited pH to be the main driver affecting microbial diversity and not 
management practices, like organic amendment application (Giacometti et al., 2013; 
Wakelin et al., 2008; Zhong et al., 2010). 
Grouping soil microbes into three broad phylogenies (bacteria, protozoa, and 
fungi) is not a very specific indicator of diversity. Some authors also reported more 
specific indicators of diversity by further grouping bacteria into either gram-positive or 
gram-negative categories. Gram-positive bacteria are larger in size and able to resist 
water stress better than gram-negative bacteria due to thicker cell walls. Three studies did 
not find differences in the ratio of gram-positive and gram-negative bacteria as a result of 
manure or biosolid application (F. Bastida et al., 2008; Felipe Bastida et al., 2008; 
Elfstrand et al., 2007; Giacometti et al., 2013). Four other studies, however, reported an 
increase in the ratio of gram-positive to gram-negative bacteria due to organic 
amendment application (Giacometti et al., 2013; Marschner et al., 2003; Peacock et al., 
2001; Zhong et al., 2010). The shift to a gram-positive dominated bacterial population 
compared to inorganic fertilizer has been linked to the quality of organic matter available 
for microbial utilization (Giacometti et al., 2013; Marschner et al., 2003; Zhong et al., 
2010). 
There are many ways to quantify microbial activity, including microbial 
respiration, mineralization, substrate use efficiency, and enzyme activity. Microbial 
activity, like diversity, is only occasionally included as an indicator for soil health (Allen 
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et al., 2011). However, several studies have included activity metrics in their assessment 
of the impact of manure on soil health. Respiration and substrate use efficiency are often 
measured as indicators for microbial activity when MBC is also measured. For about half 
of the studies that measured microbial respiration, CO2 respiration was increased between 
10% and 135% (Table 2.9). In two studies, the microbial respiration rate increased 
without a corresponding increase in MBC, indicating potential a higher efficiency of 
substrate use (qCO2) (González Polo et al., 2014; Ros, Pascual, et al., 2006). However, 
several other studies found a reduced substrate use efficiency, which is likely linked to 
higher availability of C (Dinesh K. Benbi et al., 2015; Giacometti et al., 2013; Min et al., 
2003).  
Another way to measure microbial activity is using N mineralization potential. In 
general, the addition of manure and biosolids increased nitrogen mineralization compared 
to inorganic fertilizer and no fertilizer (Cote and Ndayegamiye, 1989; Kowaljow et al., 
2017; Monaco et al., 2008). Additionally, White et al. (1997) found that single high rates 
of biosolids (45 and 90 Mg ha-1) increased N mineralization potential nine years after 
application when compared to a no amendment control. However, there were no 
differences between the control and a rate of 22 Mg ha-1 after the same time period. This 
increased mineralization is important because while nearly 100% of P and K applied with 
manure and biosolids is immediately available to plants, only a fraction of the N is 
available in the first year. Nutrient management plans need to credit previous manure 
application in subsequent years. Ammonia nitrogen (or ammonium) is immediately 
available to crops. However, much of the N applied via organic amendments is organic 
N, which is unavailable to plants until it has been mineralized in the soil by soil biology. 
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Approximately 35 to 50% of the organic N in manure and biosolids may become 
available in the first year following application. In subsequent years, additional N 
becomes available to crops as soil microbes continue to mineralize organic N, converting 
it to ammonium. Thus, in order to balance N application between research treatments, 
mineralized N must be accounted for in the subsequent years after application. 
Other components of soil food web  
Mesofauna, such as microarthropods and nematodes, are components of higher 
soil trophic levels. Their overall populations and diversity are often indicative of soil 
health due to sufficient populations and diversity of lower trophic food sources 
(Kibblewhite et al., 2008). Microarthropods population and diversity play an important 
role in the soil ecosystem by serving as both predators and prey, which both assist in 
nutrient cycling. Since mites (Acari) and springtails (Collembola) are the most abundant 
soil microarthropods, they are typically sampled (Booher et al., 2012; Coleman and Wall, 
2015; Kautz et al., 2006). Two studies have investigated the effect of long term manure 
application on microarthropod abundance and diversity. In their 17 year study, Miller et 
al. (2017b) found that neither Collembola nor Acari populations were significantly 
affected by cattle or swine manure application. Similarly, Booher et al. (2012) found that 
in 15 years of swine manure application, overall mite abundance was not affected. 
However, the authors did find that cattle manure increased mite populations. . In that 
study, the N application rate was not found to be important, so even low manure 
application rates increased mite populations. However, many other studies have 
concluded that organic amendment application does not affect microarthropod abundance 
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or diversity (Da Silva et al., 2016; Kautz et al., 2006; Miller et al., 2017; Tessaro et al., 
2011). 
Nematodes are considered both beneficial and harmful in soil as they serve many 
functions in the soil food web. Due to their varied functions and higher trophic level, 
nematodes have been proposed to be used as bioindicators for overall soil health (Yeates 
and Bongers, 1999). Nematodes, which are categorized by what they primarily feed on, 
can consume a wide range of organisms and substrates, such as plants, fungi, bacteria, 
and protozoa. Additionally, by feeding on lower trophic groups, nematodes assist in 
mineralizing soil nutrients. Lower rates of manure or biosolid application (1 – 5 Mg ha-1) 
have not been shown to change nematode populations or diversity (Forge et al., 2016; Ito 
et al., 2015). However, cumulative application of 90 Mg ha-1 of biosolids over five years, 
increased total nematode abundance, including root-lesion nematodes, but decreased total 
nematode diversity (Cogger et al., 2006). 
Several studies have investigated residual impacts of manure and biosolids on 
nematodes. However, results have been mixed. Forge et al. (2013) found that a single 
application of composted dairy manure (45 Mg ha-1) increased populations of bacterial 
and fungal feeding nematodes but did not affect nematode biodiversity four years after 
application. Four years following the application of biosolids (22 Mg ha-1), bacterial 
feeding nematodes were reduced while fungal feeding nematodes and total diversity were 
not affected (Coors et al., 2016). Additionally, liquid biosolids (93.5 m3 ha-1) had no 
effect on nematode indicators. Conflicting results could be due to the amendment type or 
rate of application. The effect of manure and biosolids on plant parasitic nematodes is 
more apparent. Coors et al. (2016) found that a single application of biosolids initially 
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reduced plant parasitic nematodes (six months post application) compared to a no 
amendment control but the suppression of these populations was no longer evident after 
four years. Two other studies have had findings that indicate dairy compost and poultry 
litter also initially suppress parasitic nematodes but suppression is evident for less than 
four years (Forge et al., 2013, 2016).  
Earthworms, which are soil macrofauna, consume plant litter and organic matter 
(Coleman and Wall, 2015). They assist in litter and organic matter decomposition. 
Additionally, earthworms influence soil structure by creating macropores due to 
burrowing activities and creating soil aggregates (i.e. casts). Earthworm abundance has 
been shown to significantly increase with manure and organic biosolid application. 
Yagüe et al. (2016) demonstrated that abundance increased with a dairy manure 
application rate of 60 Mg ha-1 yr-1. Additionally, there is evidence that the increase in 
earthworm abundance has a residual affect after amendment application. Baker et al. 
(2002) applied a single application of three of biosolid rates (30, 60, and 120 Mg ha-1) 
and found that all three rates had increases of earthworm abundance six years after initial 
application compared to inorganic fertilizer. Additionally, Coors et al. (2016) found that a 
single application of biosolids (22 Mg ha-1) had significantly higher earthworm 
populations after four years compared to a site with no amendment.  
Effect of Manure and Biosolids on Soil Health 
Few studies on manure and organic biosolids have incorporated metrics from all 
three properties contributing to soil health – physical, chemical, and biological properties 
(Table 2.11). Even fewer have included investigation of crop production metrics, which 
are important for agricultural producers. These comprehensive studies add support to 
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findings from previous section. Of the 15 studies identified, the most commonly assessed 
soil properties were SOC, bulk density, and MBC. Briefly, regardless of manure type, 
study location, and length of study, SOC and MBC increased under organic amendment 
application compared treatments of no fertilizer amendment and/or inorganic fertilizer. 
Additionally, soil bulk density decreased due to organic amendment application. Some 
studies reported yield or biomass increases under organic amendment addition (Bhogal et 
al., 2009; Forge et al., 2016; Kowaljow et al., 2017; Manna et al., 2005; Rees et al., 2011; 
Zhao et al., 2009) while others reported no differences (Guo et al., 2016; Kowaljow et al., 
2017; Manna et al., 2005; Sathish et al., 2016; Yagüe et al., 2016).  
In majority of these studies, nutrient application rates were not balanced among 
treatments, with only two designed with balanced nutrient applications among treatments. 
Bhogal et al. (2009) applied all manure treatments at the required N rate of the crop, and 
Guo et al. (2016) balanced the control and manure applications so that all treatments 
received equal amounts of N, P and K. Their experimental designed allowed Bhogal et al. 
(2009) to obtain linear equations with statistical significance in order to relate N and 
organic C applied by manure to soil properties. For instance, the authors concluded that 
for every 10 tons of manure applied, SOC and MBC increased 3% and 11%, respectively, 
while bulk density decreased 0.5%. Guo et al. (2016) also established that increasing 
rates of cattle manure compost increased SOC; even when only 25% of fertilization came 
from manure, SOC was significantly increased compared to inorganic fertilizer after five 
years. Additionally, even though equal rates of N were annually applied, soil total N 
concentrations increased under composted cattle manure applications compared to 
inorganic fertilizer (Guo et al., 2016). A similar relationship was observed by Bhogal et 
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al. (2009) and is likely due to increased nitrogen use efficiency. Neither study reported 
differences in crop yields under manure application compared to inorganic fertilizers.  
Notably, only one study investigated the effects of a single application of an 
organic amendment over time (Kowaljow et al., 2017). In this study, composted 
municipal biosolids and composted municipal solid waste were applied once and soils 
were sampled for several years afterwards. The same rates of dry matter were applied but 
treatments supplied different amounts of soil C, N, P, and K. Total N and organic C 
additions were greater in the composted biosolids. When sampled two years after 
application, SOC, extractable P, and N mineralization potential were significantly greater 
for amended soils. Soil bulk density under biosolid compost was significantly reduced 
after four years compared to the non-amended soils and soils amended with composted 
municipal solid waste, which had a higher C content. There were no differences in plant 
available water. This study highlights that single applications of organic biosolids has 
positive residual effects on soil biological and physical properties. However, the 
increased soil P is an environmental concern. 
By measuring multiple soil properties, several authors discerned the 
interconnectedness of soil health properties. For example, Zhao et al. (2009) obtained 
positive correlations between SOC and pH as well as between MBC and SOC. However, 
there were no correlations between crop yield and any of the measured soil properties. 
Albiach et al. (2001) found that for municipal compost applications, MBC did not 
correlate to organic matter. In addition to determining relationships between soil health 
metrics, Sathish et al. (2016) also determined which metrics were most important under 
either a rotational cropping system or a monoculture in India. In the finger millet-
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groundnut system, several soil chemical properties and biological properties were the 
most important for evaluating soil health, but properties like bulk density and water 
holding capacity were not found to be important. Although these results are specific to 
this cropping system, location, and management practices, they are critical for identifying 
key soil health metrics. While several other studies included evaluation of several soil 
health properties, they did not assess which properties were the most important (Bhogal 
et al., 2009; Manna et al., 2005; Martens and Frankenberger, 1992). 
Gaps in Research and Knowledge 
Previous literature reviews failed to account for differences in methodologies 
between individual research studies and whether or not research is applicable to 
producers utilizing livestock manure and organic biosolids as amendments to improve 
soil health. The evaluation of the impact of manure and biosolids on soil health properties 
is difficult to do based on current literature because 1) there are few comprehensive 
studies, and 2) there non-consistent research methodologies between studies. Thus, the 
following are recommendations towards directing future research and educational 
programs intended to demonstrate the value of manure to the sustainability of agricultural 
cropping systems by addressing current gaps in research and knowledge.  
1. Soil health properties are inter-related, yet few studies have evaluated the impact of 
manure on all relevant soil health properties. While many chemical and physical 
properties have been measured and linked together, relationships including soil 
biological properties have not been well established.  
2. Many of the studies have discussed the effects of repeated manure or organic 
biosolids applications on individual soil health properties. It has been well-established 
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that repeated applications of manure increase the risk of nutrient leaching and runoff, 
especially when manure is applied annually at the rate for crop N requirement. 
Therefore, future research should focus on the short- and long-term impacts of a 
single application of manure or biosolids to support an effort to identify optimal 
frequency of application for improving soil health. 
3. Future field research should also balance nutrient applications of N, P, and K to 
compare the effect of manure to inorganic fertilizers on crop yield and soil health on 
an annual or multi-year basis. 
4. Further discussion relating research findings to management decisions relevant to 
agricultural crop producers. For example, if an area is prone to heavy rainfall during 
times when manure is traditionally applied, research should focus on identifying 
appropriate rates of manure or biosolid application that would increase resilience (i.e. 
increased infiltration and increased resistance to soil compaction) without increasing 
environmental risk of nutrient leaching, runoff, or accumulation. 
Conclusions 
Previous literature reviews that are applicable to agricultural producers containing 
data reporting the impacts of animal manure and organic biosolids on soil health 
properties were lacking. The objectives with this paper were to: (1) synthesize published 
research literature describing impacts of livestock manure and other organic biosolids on 
soil properties used to define ‘soil health’, and (2) identify knowledge gaps and 
summarize research needs to improve future contributions to the state of the science on 
this topic. The evaluation of the impact of manure and biosolids on soil health properties 
is difficult to do based on current literature because 1) there are inconsistent research 
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methodologies between individual research studies, and 2) there are few comprehensive 
studies that have included all soil health properties. 
This review identified three common types of this bias that regularly occur in 
manure and organic biosolid research related to comparison of soil health properties: 1) 
organic amendments are applied at an arbitrary rate and compared to full fertilization 
with inorganic, 2) inorganic nutrients are applied for full fertilization and manure or 
biosolids are added, and 3) manure and biosolid applications are compared to no 
fertilization at all. These biases have direct impact on the way that research studies are 
interpreted. For example, by when one treatment (inorganic or organically amended) 
contains more N, P, and K than another, comparisons on soil properties are inherently 
affected. Changes in soil N, P, K, and C cannot be directly tied to the effect of the 
amendment. Additionally, when manure and organic biosolids are applied annually to 
meet crop N requirements, soil P, K, and SOC increase. While the increase in SOC 
positively impacts soil biological and physical properties (i.e. increase in MBC and 
decrease in bulk density), the increase of P and K can negatively impact the environment. 
Thus, improvements need to be made to optimize the frequency of organic amendment 
application and balance nutrient applications when comparing amendments with 
inorganic fertilizers. 
This review only identified 14 previous studies investigating the effect of organic 
biosolids that included measurements of soil physical, chemical, and biological 
properties. These studies are important because they discern the interconnectedness of 
soil health properties and can help guide which measurements should be used for soil 
health assessment within organic biosolids research. Overall, manure and biosolid 
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applications have the potential to improve the health of agricultural soils. These organic 
amendments add significant amounts of organic C to soil, which has positive effects on 
other soil health metrics. Bulk density and compaction are decreased and SHC is 
improved. These physical changes positively improve the plant root environment. The 
additional organic C provides food for soil biology, increasing their abundance. Nutrient 
cycling and retention can also be improved as measured by microbial respiration and 
CEC, respectively, when applications of manure and organic biosolids are compared to 
inorganic fertilizer. Recycling of manure and organic biosolids locally prior to importing 
inorganic fertilizer has the potential to reduce nutrient imbalances and improve soil 
health. However, improvements in research methodologies needs to be improved to 
evaluate the effect of these organic amendments on soil health properties.  
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Table 2.1. Keywords utilized to identify literature. 
Soil Physical Properties Soil Biological Properties Soil Chemical Properties 
Bulk Density Phospholipid Fatty Acids (PLFA) Cation Exchange Capacity (CEC) 
Porosity Microbial Biomass Organic Matter and SOC 
Compaction Microarthropod Population and Diversity N, P, K 
Water Holding Capacity Nematodes pH 
Aggregate Stability Nutrient Cycling  
Saturated Hydraulic Conductivity 
and Infiltration 
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Table 2.2. Livestock manure N and inorganic N production and worldwide usage 
(FAO, 2018a). 
 2006 2016 
Manure N Production, 106 Mg 112 123 
Manure N Usage, 106 Mg 25 28 
Inorganic N Production, 106 Mg 97 123 
Inorganic N Usage, 106 Mg 92 110 
Agriculture Production Land, 106 ha 1544 1593 
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Table 2.3. Average composition of manure and biosolids 
Source: adapted from NRCS, 2008; Bernal et al., 2009; Haynes et al., 2009. 
Amendment Dry matter Organic-C Total-N P K 
  - - - % - - - 
Cattle slurry 1.5 - 12.3 0.4 - 3.6 0.2 - 0.7 0.02 - 0.10 0.1 - 0.4 
Cattle manure 14 - 30 6.5 - 12.6 0.4 - 0.8 0.1 - 0.5 0.4 - 1.3 
Swine slurry 0.5 - 15.2 0.1 - 6.5 0.1 - 0.8 0.1 - 0.3 0.1 - 0.2 
Poultry manure 22 - 70 10.3 - 59.7 1.0 - 5.8 0.3 - 1.0 1.1 - 1.4 
Municipal biosolids 1 - 45 20 - 50 2 - 5 1.5 – 3.0 0.1 - 0.6 
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Table 2.4. Number of manure studies investigating soil health properties.  
(Lists of literature found in Appendix A). 
Property Number of Studies 
Chemical  
Soil carbon and organic matter 120 
Nitrogen 104 
Phosphorous 71 
Potassium 50 
pH 81 
CEC 14 
Physical  
Bulk density 40 
Aggregation 25 
Compaction 11 
Infiltration 11 
Water holding capacity 18 
Saturated hydraulic conductivity 14 
Biological (all metrics) 74 
Yield and biomass 80 
 
  
 
 
7
6 
Table 2.5. Studies that balanced nutrient applications between treatments reporting soil organic C (SOC), total N (TN), 
available P (Avail. P), available K (Avail. K), and pH compared to the control (% change). 
Reference Organic Biosolid Type Control Location Dur., yrs App. 
Type 
Soil 
Type 
 
SOC 
 TN  Avail. 
P 
 Avail. 
K 
 pH 
Benbi et al. 
(2015) 
Farmyard manure, 10-15 Mg 
ha-1 yr-1 
IN, 120 kg N ha-1 
yr-1 
India 11 N rate sandy 
loam 
ns    
Chang et al. 
(2014) 
Swine manure compost, 120-
140 kg N ha-1 yr-1 
IN, 120-140 kg N 
ha-1 yr-1 
Taiwan 12 N rate loam 8% 9% 116% 26% 14% 
Eghball 
(2002) 
Cattle manure compost, 100% 
N yr-1 
NPK, 100% yr-1 Nebraska 4 N rate silty clay 
loam 
ns 12% 
  
13% 
 
Cattle manure, 100% N yr-1 NPK, 100% yr-1 
  
N rate 
 
ns 15% 
  
9% 
 
Cattle manure compost, 100% 
P yr-1 
NPK, 100% yr-1 
  
P rate 
 
ns ns 
  
6% 
 
Cattle manure, 100% P yr-1 NPK, 100% yr-1 
  
P rate 
 
ns ns 
  
6% 
 
Cattle manure compost, 200% 
N yr-1 (biannual) 
NPK, 100% yr-1 
  
N rate 
 
15% 21% 
  
12% 
 
Cattle manure, 200% N yr-1 
(biannual) 
NPK, 100% yr-1 
  
N rate 
 
ns 18% 
  
9% 
 
Cattle manure compost, 200% 
P yr-1 (biannual) 
NPK, 100% yr-1 
  
P rate 
 
ns ns 
  
6% 
 
Cattle manure, 200% P yr-1 
(biannual) 
NPK, 100% yr-1 
  
P rate 
 
ns 12% 
  
7% 
Guo et al. 
(2016) 
Cattle manure compost, 100% 
N yr-1 
NPK, 100% yr-1 China 5 NPK 
 
78% 
    
 
Cattle manure compost, 75% N 
yr-1 + IN, 25% N yr-1 
NPK, 100% yr-1 
    
65% 
    
 
Cattle manure compost, 50% N 
yr-1 + IN, 50% N yr-1 
NPK, 100% yr-1 
    
38% 
    
 
Cattle manure compost, 20% N 
yr-1 + IN, 75% N yr-1 
     
21% 
    
Khaliq and 
Kaleem 
Abbasi (2015) 
Poultry manure, 100 kg N ha-1 
yr-1 (Site 1) 
IN, 100 kg N ha-1 
yr-1 
Pakistan 3 N rate loam 
 
13% 31% 18% 13% 
 
Poultry manure, 100 kg N ha-1 
yr-1 (Site 2) 
IN, 100 kg N ha-1 
yr-1 
     
8% 27% 23% 7% 
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Poultry manure, 50 kg N ha-1 
yr-1 + IN, 50 kg N ha-1 yr-1 (Site 
1) 
IN, 100 kg N ha-1 
yr-1 
     
ns 14% 7% 9% 
 
Poultry manure, 50 kg N ha-1 
yr-1 + IN, 50 kg N ha-1 yr-1 (Site 
2) 
IN, 100 kg N ha-1 
yr-1 
     
ns 13% 8% 6% 
Li et al. 
(2015) 
Dairy compost, 100% N yr-1 IN, 100% N yr-1 China 25 N rate silt loam 71% 40% 
  
ns 
 
Dairy compost, 50% N yr-1 + 
IN, 50% N yr-1 
IN, 100% N yr-1 
    
44% 13% 
  
ns 
Mylavarapu 
and Zinati 
(2009) 
MSW compost, 19 Mg ha-1 IN, 100% ha-1 Florida 0.5 N rate fine sand ns ns 
  
ns 
 
MSW compost, 9.5 Mg ha-1 + 
IN, 50%  
IN, 100% ha-1 
     
ns 
  
ns 
Poulsen et al. 
(2013) 
Cattle slurry, 100 kg N ha-1 yr-1 IN, 100 kg N ha-1 
yr-1 
Denmark 4 N rate sandy 
loam 
ns 
    
 
Deep pack cattle manure, 100 
kg N ha-1 yr-1 
IN, 100 kg N ha-1 
yr-1 
    
ns 
    
 
Composted MSW, 100 kg N 
ha-1 yr-1 
IN, 100 kg N ha-1 
yr-1 
    
ns 
    
 
SS, 100 kg N ha-1 yr-1 IN, 100 kg N ha-1 
yr-1 
    
ns 
    
Tian et al., 
(2015) 
Pig/dairy manure compost, 100 
% N yr-1 
IN, 100% N yr-1 China 3 N rate loam 45% 63% 890% 
 
25% 
Note: SS: Sewage sludge; MSW: Municipal solid waste; IN: inorganic N fertilizer; NPK: inorganic NPK fertilizer
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Table 2.6. Studies that measured the percent of water stable aggregates (WSA) or aggregate mean-weighted diameter (MWD) 
as a result of manure or biosolid applications compared to the control (% change). 
Reference Organic Biosolid Type App. Method Control Location Dur., 
yrs 
Nutrient 
Application 
Soil Type  
WSA 
 
MWD 
Albiach et al. 
(2001) 
Aerobic SS, 400 kg N ha-1 yr-1 Incorporated IN, 500 kg N ha-1 
yr-1 
Spain 10 Not balanced sandy loam ns 
 
 
Aerobic SS, 800 kg N ha-1 yr-1 Incorporated IN, 500 kg N ha-1 
yr-1 
    
ns 
 
 
Aerobic SS, 1200 kg N ha-1 yr-1 Incorporated IN, 500 kg N ha-1 
yr-1 
    
ns 
 
 
Anaerobic SS, 400 kg N ha-1 yr-1 Incorporated IN, 500 kg N ha-1 
yr-1 
    
ns 
 
 
Anaerobic SS, 800 kg N ha-1 yr-1 Incorporated IN, 500 kg N ha-1 
yr-1 
    
ns 
 
 
Anaerobic SS, 1200 kg N ha-1 yr-1 Incorporated IN, 500 kg N ha-1 
yr-1 
    
ns 
 
Bandyopadhyay 
et al. (2010) 
Farmyard manure, 4 Mg DM ha-1 yr-1 + 
100% NPK yr-1 
Incorporated NPK, 100% yr-1 India 4 Not balanced clay ns ns 
Bashir et al. 
(2016) 
MSW compost, 62 Mg ha-1 Not stated No amendment Pakistan 2 SOC rate silty clay 
loam 
 
92% 
 
MSW compost, 124 Mg ha-1 Not stated No amendment 
     
ns 
 
MSW compost, 248 Mg ha-1 Not stated No amendment 
     
ns 
 
Farmyard manure, 50 Mg ha-1 Not stated No amendment 
     
ns 
 
Farmyard manure, 100 Mg ha-1 Not stated No amendment 
     
ns 
 
Farmyard manure, 200 Mg ha-1 Not stated No amendment 
     
ns 
 
Poultry litter, 30 Mg ha-1 Not stated No amendment 
     
ns 
 
Poultry litter, 60 Mg ha-1 Not stated No amendment 
     
71% 
 
Poultry litter, 120 Mg ha-1 Not stated No amendment 
     
ns 
Benbi et al. 
(2016) 
Farmyard manure, 15 Mg ha-1 yr-1  Incorporated NPK, 100% yr-1 India 5 Not balanced loam 1% ns 
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Farmyard manure, 15 Mg ha-1 yr-1 + 100% 
N yr-1 
Incorporated NPK, 100% yr-1 
    
5% ns 
 
Farmyard manure, 15 Mg ha-1 yr-1 + 100% 
NPK yr-1 
Incorporated NPK, 100% yr-1 
    
7% ns 
Chakraborty et 
al. (2010) 
Farmyard manure, 15 Mg ha-1 yr-1 + 100% 
NPK yr-1 
Not stated NPK, 100% yr-1 India 35 Not balanced sandy loam 
 
21% 
Das et al. (2016) Farmyard manure, 25% N yr-1 + 75% N 
yr-1 
Incorporated NPK, 100% yr-1 India 18 Not balanced sandy loam 8% 34% 
Domingo-Olivé 
et al. (2016) 
Dairy manure, 22.5 Mg ha-1 yr-1 Incorporated IN, 40 kg ha-1 yr-1 Spain 12 Not balanced loam 22% ns 
 
Dairy manure, 22.5 Mg ha-1 yr-1 + 40 kg N 
ha-1 yr-1 
Incorporated IN, 40 kg ha-1 yr-1 
    
9% ns 
 
Pig slurry, 47.3 Mg ha-1 yr-1 Incorporated IN, 50 kg ha-1 yr-1 
    
ns ns 
 
Pig slurry, 47.3 Mg ha-1 yr-1 + 50 kg N ha-
1 yr-1 
Incorporated IN, 50 kg ha-1 yr-1 
    
ns ns 
Forge et al. 
(2016) 
Boiler litter, 16 or 23 m3 ha-1 yr-1 Incorporated No amendment British 
Columbia 
2 Not balanced sandy loam 
 
ns 
 
Boiler litter, 250 m3 ha-1 yr-1 Incorporated No amendment 
     
ns 
 
Poultry compost, 250 m3 ha-1 yr-1 Incorporated No amendment 
     
ns 
Hati et al. 
(2006) 
Farmyard manure, 10 Mg ha-1 yr-1 + 100% 
NPK yr-1 
Incorporated NPK, 100% yr-1 India 3 Not balanced clay 12% 14% 
Khaliq and 
Kaleem Abbasi 
(2015) 
Poultry manure, 100 kg N ha-1 yr-1 (Site 1) Incorporated IN, 100 kg N ha-1 
yr-1 
Pakistan 3 N rate loam ns 
 
 
Poultry manure, 100 kg N ha-1 yr-1 (Site 2) Incorporated IN, 100 kg N ha-1 
yr-1 
    
19% 
 
 
Poultry manure, 50 kg N ha-1 yr-1 + IN, 50 
kg N ha-1 yr-1 (Site 1) 
Incorporated IN, 100 kg N ha-1 
yr-1 
    
ns 
 
 
Poultry manure, 50 kg N ha-1 yr-1 + IN, 50 
kg N ha-1 yr-1 (Site 2) 
Incorporated IN, 100 kg N ha-1 
yr-1 
    
ns 
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Kukal et al. 
(2009) 
Farmyard manure, 20 Mg ha-1 yr-1 (rice-
wheat)  
Incorporated NPK, 100% yr-1 India 32 Not balanced sandy loam 
 
70% 
 
Farmyard manure, 20 Mg ha-1 yr-1 (maize-
wheat)  
Incorporated NPK, 100% yr-1 
     
33% 
Manna et al. 
(2005) 
Farmyard manure, 10 Mg ha-1 yr-1 + 100% 
NPK yr-1 
Not stated NPK, 100% yr-1 India 30 Not balanced sandy loam 68% 
 
       
sandy clay 
loam 
11% 
 
       
clay 12% 
 
Whalen and 
Chang (2002) 
Cattle manure, 30 Mg ha-1 yr-1 (dryland 
cropping) 
Incorporated No amendment Canada 25 Not balanced clay loam ns 
 
 
Cattle manure, 60 Mg ha-1 yr-1 (dryland 
cropping) 
Incorporated No amendment 
    
ns 
 
 
Cattle manure, 90 Mg ha-1 yr-1 (dryland 
cropping) 
Incorporated No amendment 
    
ns 
 
 
Cattle manure, 60 Mg ha-1 yr-1 (irrigated 
cropping) 
Incorporated No amendment 
    
ns 
 
 
Cattle manure, 120 Mg ha-1 yr-1 (irrigated 
cropping) 
Incorporated No amendment 
    
ns 
 
 
Cattle manure, 180 Mg ha-1 yr-1 (irrigated 
cropping) 
Incorporated No amendment 
    
ns 
 
Yagüe et al. 
(2016) 
Dairy manure, 30 Mg ha-1 yr-1 Incorporated NPK, 100% yr-1 Spain 11 Not balanced loam 36% 32% 
 
Dairy manure, 60 Mg ha-1 yr-1 Incorporated 
     
38% 26% 
Zhao et al. 
(2009) 
Swine manure, 38 Mg ha-1 yr-1 + 100% NP 
yr-1 
Not stated NP, 100% yr-1 China 25 Not balanced silty clay 49% 
 
Note: SS: Sewage sludge; MSW: Municipal solid waste; IN: inorganic N fertilizer; NPK: inorganic NPK fertilizer
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Table 2.7. Impact of manure and biosolid applications on saturated hydraulic conductivity (SHC) compared to the control (% 
change). 
Reference Organic Biosolid Type Application 
Method 
Control Location Dur., 
yrs 
Nutrient 
Application 
Soil Type  SHC 
Bandyopadhyay 
et al. (2010) 
Farmyard manure, 4 Mg DM ha-1 yr-1 + 100% 
NPK yr-1 
Incorporated NPK, 100% yr-1 India 4 Not balanced clay 21% 
Bassouny and 
Chen (2016) 
Farmyard manure, 10 Mg ha-1 yr-1 Not stated NPK, 100% yr-1 China 15 Not balanced clay -42% 
Chakraborty et 
al. (2010) 
Farmyard manure, 15 Mg ha-1 yr-1 + 100% NPK 
yr-1 
Not stated NPK, 100% yr-1 India 35 Not balanced sandy loam 22% 
Hati et al. 
(2006) 
Farmyard manure, 10 Mg ha-1 yr-1 + 100% NPK 
yr-1 
Incorporated NPK, 100% yr-1 India 3 Not balanced clay 26% 
Khaliq and 
Kaleem Abbasi 
(2015) 
Poultry manure, 100 kg N ha-1 yr-1 (Site 1) Incorporated IN, 100 kg N ha-1 yr-1 Pakistan 3 N rate loam ns 
 
Poultry manure, 100 kg N ha-1 yr-1 (Site 2) Incorporated IN, 100 kg N ha-1 yr-1 
    
15% 
 
Poultry manure, 50 kg N ha-1 yr-1 + IN, 50 kg N 
ha-1 yr-1 (Site 1) 
Incorporated IN, 100 kg N ha-1 yr-1 
    
ns 
 
Poultry manure, 50 kg N ha-1 yr-1 + IN, 50 kg N 
ha-1 yr-1 (Site 2) 
Incorporated IN, 100 kg N ha-1 yr-1 
    
11% 
Mosaddeghi et 
al. (2000) 
Farmyard manure, 50 Mg DM ha-1 Incorporated No amendment Iran 0.5 Not balanced fine loam 113% 
 
Farmyard manure, 100 Mg DM ha-1 yr-1 Incorporated No amendment 
    
195% 
Mylavarapu and 
Zinati (2009) 
MSW compost, 19 Mg ha-1 Incorporated IN, 100% ha-1 Florida 0.5 N rate fine sand ns 
 
MSW compost, 9.5 Mg ha-1 + IN, 50%  Incorporated IN, 100% ha-1 
    
ns 
MSW: Municipal solid waste; IN: inorganic N fertilizer; NPK: inorganic NPK fertilizer
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Table 2.8. Impacts of municipal solid waste and manure on plant available water (PAW), field capacity (FC), permanent 
wilting point (PWP), and total water holding capacity (WHC) compared to the control (% change). 
Reference Organic Biosolid Type Application 
Method 
Control Location Dur., 
yrs 
Nutrient 
Application 
Soil 
Texture 
 
PAW 
 FC   
PWP  
 
WHC  
Bassouny and 
Chen (2016) 
Farmyard manure, 10 
Mg ha-1 yr-1 
Not stated NPK, 100% yr-1 China 15 Not 
balanced 
clay 7% 7% 7% 
 
Blanco-Canqui et 
al. (2015) 
Farmyard manure, 27 
Mg ha-1 yr-1 
Incorporated No amendment Nebraska 71 Not 
balanced 
fine 
sandy 
loam 
ns 13% 20% 
 
Chakraborty et al. 
(2010) 
Farmyard manure, 15 
Mg ha-1 yr-1 + 100% 
NPK yr-1 
Not stated NPK, 100% yr-1 India 35 Not 
balanced 
sandy 
loam 
23% 10% 
  
Das et al. (2016) Farmyard manure, 25% 
N yr-1 + 75% N yr-1 
Incorporated NPK, 100% yr-1 India 18 Not 
balanced 
sandy 
loam 
   
ns 
Forge et al. 
(2016) 
Boiler litter, 16 or 23 m3 
ha-1 yr-1 
Incorporated No amendment British 
Columbia 
2 Not 
balanced 
sandy 
loam 
ns 
 
ns 
 
 
Boiler litter, 250 m3 ha-1 
yr-1 
Incorporated No amendment 
    
ns 
 
ns 
 
 
Poultry compost, 250 m3 
ha-1 yr-1 
Incorporated No amendment 
    
-14% 
 
ns 
 
Kowaljow et al. 
(2017) 
Biosolid Compost, 40 
Mg ha-1 
Surface applied No amendment Argentina 4 Not 
balanced 
loam ns 
   
 
Municipal Solids 
Compost, 40 Mg ha-1 
Surface applied No amendment 
    
ns 
   
Mosaddeghi et al. 
(2000) 
Farmyard manure, 50 
Mg DM ha-1 
Incorporated no amendment Iran 0.5 Not 
balanced 
fine 
loam 
 
10% 
  
 
Farmyard manure, 100 
Mg DM ha-1 yr-1 
Incorporated no amendment 
     
16% 
  
Mylavarapu and 
Zinati (2009) 
MSW compost, 19 Mg 
ha-1 
Incorporated IN, 100% ha-1 Florida 0.5 N rate fine sand 
 
ns 58% 
 
 
MSW compost, 9.5 Mg 
ha-1 + IN, 50%  
Incorporated IN, 100% ha-1 
     
ns 50% 
 
Sathish et al. 
(2016) 
Farmyard manure, 10 
Mg ha-1 yr-1 
Incorporated NPK, 100% yr-1 India 20 Not 
balanced 
sandy 
loam to 
sandy 
clay 
loam 
   
ns 
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Farmyard manure, 10 
Mg ha-1 yr-1 + 50% NPK 
yr-1 
Incorporated NPK, 100% yr-1 
       
ns 
 
Farmyard manure, 10 
Mg ha-1 yr-1 + 100% 
NPK yr-1 
Incorporated NPK, 100% yr-1 
       
ns 
Zhao et al. (2009) Swine manure, 38 Mg 
ha-1 yr-1 + 100% NP yr-1 
Not stated NP, 100% yr-1 China 25 Not 
balanced 
silty clay 13% 
   
Note: MSW: Municipal solid waste; IN: inorganic N fertilizer; NPK: inorganic NPK fertilizer
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Table 2.9. Impact of manure and biosolid applications on microbial biomass carbon (MBC), respiration (CO2), and metabolic 
quotient (qCO2) compared to the control (% change). 
Reference Organic Biosolid 
Type 
Application 
Method 
Control Location Dur., 
yrs 
Nutrient 
Application 
Soil Type  MBC  CO2  qCO2 
Adeli et al. 
(2008) 
Swine effluent, 10-
15 cm ha-1 yr-1 
Irrigated Non irrigated site 
with same soil types 
Mississippi 15 Not balanced alkaline silty 
clay 
12% 
  
       
acidic silty clay 23% 
  
       
silty clay loam 55% 
  
Albiach et 
al. (2001) 
Aerobic SS, 400 kg 
N ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 yr-1 Spain 10 Not balanced sandy loam ns 
  
 
Aerobic SS, 800 kg 
N ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 yr-1 
    
ns 
  
 
Aerobic SS, 1200 
kg N ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 yr-1 
    
ns 
  
 
Anaerobic SS, 400 
kg N ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 yr-1 
    
ns 
  
 
Anaerobic SS, 800 
kg N ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 yr-1 
    
ns 
  
 
Anaerobic SS, 1200 
kg N ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 yr-1 
    
ns 
  
(F. Bastida 
et al., 2008) 
Anaerobic SS, 120 
Mg ha-1 
Incorporated No amendment Spain 1.5 Not balanced sandy clay 
loam 
87% ns 
 
 
Composted SS, 120 
Mg ha-1 
Incorporated No amendment 
    
98% 135% 
 
Benbi et al. 
(2015) 
Farmyard manure, 
10-15 Mg ha-1 yr-1 
Incorporated No amendment India 11 Not balanced sandy loam 61% ns -26% 
Bittman et 
al. (2005) 
Dairy slurry, 100 kg 
NH4-N ha-1 yr-1 
Surface applied IN, 100 kg N ha-1 yr-1 Canada 6 N rate sandy 53% 
  
 
Dairy slurry, 50 kg 
NH4-N ha-1 yr-1 
Surface applied IN, 50 kg N ha-1 yr-1 
    
ns 
  
Braman et 
al. (2016) 
Beef compost, 20 
Mg ha-1 
Not stated No amendment Manitoba 5 Not balanced clay ns ns ns 
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Chakraborty 
et al. (2011) 
Farmyard manure, 
10 Mg ha-1 yr-1 + 
100% NPK yr-1 
Not stated NPK, 100% yr-1 India 37 Not balanced sandy loam 19% 81% 
 
Chang et al. 
(2014) 
Swine manure 
compost, 120-140 
kg N ha-1 yr-1 
Incorporated IN, 120-140 kg N ha-
1 yr-1 
Taiwan 12 N rate loam 71% 62% ns 
Foster et al. 
(2016) 
Beef manure, 30 
Mg ha-1 + IN, 202 
kg ha-1 
Incorporated IN, 202 kg ha-1 Colorado 1 Not balanced sandy clay 
loam 
15% 
  
Franco-
Otero et al. 
(2012) 
SS compost, 30 Mg 
ha-1 
Incorporated NPK, 100% yr-1 Spain 0.5 Not balanced clay loam ns 
  
Fraser et al. 
(1988) 
Beef manure, 2.6-
13.9 Mg DM ha-1 
yr-1 
Incorporated 100% NPK yr-1 Nebraska 8 Not balanced silty clay loam 10-26% 
  
García-Gil et 
al. (2000) 
Beef manure, 20 
Mg ha-1 yr-1 
Not stated NPK, 100% yr-1 Spain 9 Not balanced sandy 30% 
  
 
MSW compost, 20 
Mg ha-1 yr-1 
Not stated NPK, 100% yr-1 
    
11% 
  
 
MSW compost, 80 
Mg ha-1 yr-1 
Not stated NPK, 100% yr-1 
    
48% 
  
 
Beef Manure, 20 
Mg ha-1 
Not stated NPK, 100% 
    
32% 
  
 
MSW compost, 20 
Mg ha-1 
Not stated NPK, 100% 
    
ns 
  
 
MSW compost, 80 
Mg ha-1 
Not stated NPK, 100% 
    
78% 
  
Giacometti 
et al. (2013) 
Beef manure, 6-7.5 
Mg DM ha-1 yr-1 
Incorporated No amendment Italy 44 Not balanced sandy clay 
loam 
ns-46% 
 
-45%-ns 
González 
Polo et al. 
(2014) 
MSW, 40 Mg DM 
ha-1 
Surface applied NPK, 100% Argentina 6 Not balanced sandy ns 100% 
 
 
Biosolids compost, 
40 Mg DM ha-1 
Surface applied NPK, 100% 
    
ns ns 
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Lalande et 
al. (2000) 
Swine Manure, 30 
m3 ha-1 yr-1 
Injected NPK, 100% yr-1 Quebec 17 Not balanced silt loam ns 
  
 
Swine Manure, 60 
m3 ha-1 yr-1 
Injected NPK, 100% yr-1 
    
ns 
  
 
Swine Manure, 90 
m3 ha-1 yr-1 
Injected NPK, 100% yr-1 
    
119% 
  
 
Swine Manure, 120 
m3 ha-1 yr-1 
Injected NPK, 100% yr-1 
    
ns 
  
Leita et al. 
(1999) 
Farmyard manure, 
500 kg N ha-1 yr-1 
Incorporated IN, 200 kg N ha-1 yr-1 Italy 12 Not balanced sandy loam 77% 
 
110% 
 
Composted 
municipal refuse, 
500 kg N ha-1 yr-1 
Incorporated IN, 200 kg N ha-1 yr-1 
    
44% 
 
170% 
 
Composted 
municipal refuse, 
500 kg N ha-1 yr-1 + 
IN, 200 kg N ha-1 
yr-1 
Incorporated IN, 200 kg N ha-1 yr-1 
    
31% 
 
205% 
 
Composted 
municipal refuse, 
1000 kg N ha-1 yr-1 
Incorporated IN, 200 kg N ha-1 yr-1 
    
102% 
 
320% 
 
Composted 
municipal refuse, 
1500 kg N ha-1 yr-1 
Incorporated IN, 200 kg N ha-1 yr-1 
    
156% 
 
410% 
Li et al. 
(2015) 
Dairy compost, 
100% N yr-1 
Incorporated IN, 100% N yr-1 China 25 N rate silt loam 178% 
  
 
Dairy compost, 50% 
N yr-1 + IN, 50% N 
yr-1 
Incorporated IN, 100% N yr-1 
    
107% 
  
 
Dairy compost, 
200% N yr-1 
Incorporated IN, 100% N yr-1 
    
119% 
  
Liu et al. 
(2017) 
Swine manure 
compost, 3.85 Mg 
ha-1 yr-1 + 100% 
NPK yr-1 
Incorporated NPK, 100% yr-1 China 2 Not balanced clay loam 75% 
  
Manna et al. 
(2005) 
Farmyard manure, 
10 Mg ha-1 yr-1 + 
100% NPK yr-1 
Not stated NPK, 100% yr-1 India 30 Not balanced sandy loam 45% 34% 
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sandy clay 
loam 
10% ns 
 
       
clay 22% 29% 
 
Min et al. 
(2003) 
Deep pack dairy 
manure, 780 kg N 
ha-1 yr-1 
Incorporated IN, 310 kg N ha-1 yr-1 Maryland 4 Not balanced silt loam 60% 
 
-30% 
 
Deep pack dairy 
manure, 360 kg N 
ha-1 yr-1 
Incorporated IN, 310 kg N ha-1 yr-1 
    
44% 
  
Poulsen et 
al. (2013) 
Cattle slurry, 100 kg 
N ha-1 yr-1 
Incorporated IN, 100 kg N ha-1 yr-1 Denmark 4 N rate sandy loam ns ns ns 
 
Deep pack cattle 
manure, 100 kg N 
ha-1 yr-1 
Incorporated IN, 100 kg N ha-1 yr-1 
    
ns ns ns 
 
Composted MSW, 
100 kg N ha-1 yr-1 
Incorporated IN, 100 kg N ha-1 yr-1 
    
ns ns ns 
 
SS, 100 kg N ha-1 
yr-1 
Incorporated IN, 100 kg N ha-1 yr-1 
    
ns ns ns 
M Ros et al. 
(2006) 
Cattle manure 
compost, 175 kg N 
ha-1 yr-1 
 
IN, 80 kg N ha-1 yr-1 Austria 12 Not balanced silt loam ns 10% ns 
 
SS compost, 175 kg 
N ha-1 yr-1 
 
IN, 80 kg N ha-1 yr-1 
  
Not balanced 
 
ns 58% 59% 
 
Cattle manure 
compost, 175 kg N 
ha-1 yr-1 + IN, 80 kg 
N ha-1 yr-1 
 
IN, 80 kg N ha-1 yr-1 
  
Not balanced 
 
ns ns ns 
 
SS compost, 175 kg 
N ha-1 yr-1 + IN, 80 
kg N ha-1 yr-1 
 
IN, 80 kg N ha-1 yr-1 
  
Not balanced 
 
ns 40% 32% 
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Sathish et al. 
(2016) 
Farmyard manure, 
10 Mg ha-1 yr-1 
Incorporated NPK, 100% yr-1 India 20 Not balanced sandy loam to 
sandy clay 
loam 
119% 
  
 
Farmyard manure, 
10 Mg ha-1 yr-1 + 
50% NPK yr-1 
Incorporated NPK, 100% yr-1 
    
94% 
  
 
Farmyard manure, 
10 Mg ha-1 yr-1 + 
100% NPK yr-1 
Incorporated NPK, 100% yr-1 
    
194% 
  
Zhao et al. 
(2009) 
Swine manure, 38 
Mg ha-1 yr-1 + 100% 
NP yr-1 
Not stated NP, 100% yr-1 China 25 Not balanced silty clay 93% 123% 
 
Note: SS: Sewage sludge; MSW: Municipal solid waste; IN: inorganic N fertilizer; NPK: inorganic NPK fertilizer.
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Table 2.10. Impact of manure and biosolid applications on microbial biomass nitrogen (MBN) compared to the control (% 
change). 
Reference Organic Biosolid Type Application 
Method 
Control Location Dur., 
yrs 
Nutrient 
Application 
Soil Type  MBN 
Adeli et al. (2008) Swine effluent, 10-15 cm 
ha-1 yr-1 
Irrigated Non irrigated site with 
same soil types 
Mississippi 15 Not balanced alkaline silty clay 45% 
       
acidic silty clay 33% 
       
silty clay loam 18% 
Bittman et al. 
(2005) 
Dairy Slurry, 100 kg NH4-
N ha-1 yr-1 
Surface applied IN, 100 kg N ha-1 yr-1 Canada 6 N rate sandy 64% 
 
Dairy Slurry, 50 kg NH4-N 
ha-1 yr-1 
 
IN, 50 kg N ha-1 yr-1 
    
ns 
Chang et al. (2014) Swine Manure Compost, 
120-140 kg N ha-1 yr-1 
Incorporated IN, 120-140 kg N ha-1 yr-1 Taiwan 12 N rate loam 104% 
Foster et al. (2016) Beef Manure, 30 Mg ha-1 + 
IN, 202 kg ha-1 
Incorporated IN, 202 kg ha-1 Colorado 1 Not balanced sandy clay loam ns 
Lalande et al. 
(2000) 
Swine Manure, 30 m3 ha-1 
yr-1 
Injected NPK, 100% yr-1 Quebec 17 Not balanced silt loam ns 
 
Swine Manure, 60 m3 ha-1 
yr-1 
Injected NPK, 100% yr-1 
    
ns 
 
Swine Manure, 90 m3 ha-1 
yr-1 
Injected NPK, 100% yr-1 
    
55% 
 
Swine Manure, 120 m3 ha-1 
yr-1 
Injected NPK, 100% yr-1 
    
ns 
Li et al. (2015) Dairy Compost, 100% N 
yr-1 
Incorporated IN, 100% N yr-1 China 25 N rate silt loam 178% 
 
Dairy Compost, 50% N yr-1 
+ IN, 50% N yr-1 
Incorporated IN, 100% N yr-1 
    
107% 
 
Dairy Compost, 200% N 
yr-1 
Incorporated IN, 100% N yr-1 
    
119% 
Liu et al. (2017) Swine Manure Compost, 
3.85 Mg ha-1 yr-1 + 100% 
NPK yr-1 
Incorporated NPK, 100% yr-1 China 2 Not balanced clay loam ns 
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Manna et al. 
(2005) 
Farmyard manure, 10 Mg 
ha-1 yr-1 + 100% NPK yr-1 
Not stated NPK, 100% yr-1 India 30 Not balanced sandy loam 34% 
       
sandy clay loam ns 
       
clay 23% 
Sathish et al. 
(2016) 
Farmyard manure, 10 Mg 
ha-1 yr-1 
Incorporated NPK, 100% yr-1 India 20 Not balanced sandy loam to 
sandy clay loam 
38% 
 
Farmyard manure, 10 Mg 
ha-1 yr-1 + 50% NPK yr-1 
Incorporated NPK, 100% yr-1 
    
35% 
 
Farmyard manure, 10 Mg 
ha-1 yr-1 + 100% NPK yr-1 
Incorporated NPK, 100% yr-1 
    
55% 
Note: IN: inorganic N fertilizer; NPK: inorganic NPK fertilizer
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Table 2.11. Comprehensive studies on the impact of manure and biosolids on soil health properties and crop production. 
Reference Organic Biosolid 
Type 
Application 
Method 
Control Location Dur., 
yrs 
Nutrient 
Applicati
on 
Crop Chem Phys Bio Crop 
Metrics 
Albiach et al. 
(2001) 
AE SS, 400 kg N 
ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 
yr-1 
Spain 10 Not 
balanced 
Lettuce-
chard 
C AS MBC 
 
 
AE SS, 800 kg N 
ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 
yr-1 
        
 
AE SS, 1200 kg N 
ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 
yr-1 
        
 
AN SS, 400 kg N 
ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 
yr-1 
        
 
AN SS, 800 kg N 
ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 
yr-1 
        
 
AN SS, 1200 kg N 
ha-1 yr-1 
Incorporated IN, 500 kg N ha-1 
yr-1 
        
Bhogal et al. 
(2009) 
Beef manure, 250 
kg N ha-1 yr-1 
Incorporated IN, 100% yr-1 United 
Kingdom 
8 N rate Combinable 
crops 
(cereals, 
rape, etc.) 
C; N; 
P; K; 
MN; 
pH 
AWC; 
BD; 
AS; 
porosity 
MBC; 
MBN; 
Respir 
biomass; 
yield 
 
Beef slurry, 250 kg 
N ha-1 yr-1 
Incorporated IN, 100% yr-1 
   
 
Swine manure, 175 
kg N ha-1 yr-1 
Incorporated IN, 100% yr-1 
   
 
Swine slurry, 175 
kg N ha-1 yr-1 
Incorporated IN, 100% yr-1 
   
 
Broiler litter, 0-25 
kg ha-1 yr-1 (6 
rates) 
Incorporated IN, 100% yr-1 
   
Forge et al. 
(2016) 
Boiler litter, 16 or 
23 m3 ha-1 yr-1 
Incorporated No amendment British 
Columbia 
2 Not 
balanced 
Raspberry N; C; 
MN; 
EC; 
BD; 
AWC; 
PWP; 
AS 
Nematode 
abundance 
Primocane 
Vigor 
 
Boiler litter, 250 
m3 ha-1 yr-1 
Incorporated No amendment 
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Poultry compost, 
250 m3 ha-1 yr-1 
Incorporated No amendment 
  
CEC; 
pH 
Fraser et al. 
(1988) 
Beef manure, 2.6-
13.9 Mg ha-1 yr-1 
Incorporated IN, 100% yr-1 Nebraska 8 Not 
balanced 
Oat/clover-
corn- 
soybean-
corn 
N; C; 
pH; P 
BD MBC; 
PNM; 
Respir; 
B;F 
 
Guo et al. 
(2016) 
Beef manure 
compost, 4.4 Mg 
ha-1 yr-1 + IN, 75% 
yr-1 
Surface 
applied 
NPK, 100% yr-1 China 5 NPK 
balanced 
except 
no 
amendm
ent 
Wheat-
maize 
C; N BD EW Yield 
 
Beef manure 
compost, 8.9 Mg 
ha-1 yr-1 + IN, 50% 
yr-1 
Surface 
applied 
NPK, 100% yr-1 
       
 
Beef manure 
compost, 13.3 Mg 
ha-1 yr-1 + IN, 25% 
yr-1 
Surface 
applied 
NPK, 100% yr-1 
       
 
Beef manure 
compost, 17.8 Mg 
ha-1 yr-1 
Surface 
applied 
NPK, 100% yr-1 
       
Kowaljow et 
al. (2017) 
Biosolid Compost, 
40 Mg ha-1 
Surface 
applied 
No amendment Argentina 2 Not 
balanced 
Not stated C; P BD; 
AWC 
PNM Biomass 
 
Municipal Solids 
Compost, 40 Mg 
ha-1 
Surface 
applied 
No amendment 
        
Manna et al. 
(2005) 
Farmyard manure, 
10 Mg ha-1 yr-1 + 
100% NPK yr-1 
Not stated NPK, 100% yr-1 India 30 Not 
balanced 
Wheat, Jute, 
Rice, 
Soybean, 
Sorghum 
C; N; 
pH; 
CEC; 
P; K 
AS; BD MBC; 
MBN; 
Respir 
Yield 
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Martens and 
Frankenberger
(1992) 
Poultry manure, 25 
Mg ha-1 yr-1 
Incorporated No amendment California 2 Not 
balanced 
Fallow OM AS; 
BD; 
Infil 
Respir; 
MBC 
 
 
SS, 25 Mg ha-1 yr-1 Incorporated No amendment 
        
J. J. Miller et 
al. (2017) 
Beef manure, 13 
Mg ha-1 yr-1 
Incorporated No amendment Alberta 17 Not 
balanced 
Barley N; C BD MA 
 
 
Beef manure 
compost, 13 Mg 
ha-1 yr-1 
Incorporated No amendment 
        
Min et al. 
(2003) 
Deep pack dairy 
manure, 780 kg N 
ha-1 yr-1 
Incorporated IN, 310 kg N ha-1 
yr-1 
Maryland 4 Not 
balanced 
Alfalfa-
orchardgrass 
C; EC; 
pH 
AS Respir; 
MBC 
 
 
Deep pack dairy 
manure, 360 kg N 
ha-1 yr-1 
Incorporated IN, 310 kg N ha-1 
yr-1 
        
Morlat and 
Chaussod 
(2008) 
Beef manure 
compost, 10 Mg 
ha-1 yr-1 
Incorporated No amendment France 28 Not 
balanced 
Grapevine C; N; 
P; K; 
MN;  
pH; 
CEC 
BD MBC 
 
 
Beef manure 
compost, 20 Mg 
ha-1 yr-1 
Incorporated No amendment 
       
Sathish et al. 
(2016) 
Farmyard manure, 
10 Mg ha-1 yr-1 
Incorporated NPK, 100% yr-1 India 20 Not 
balanced 
Finger 
millet; 
Finger 
millet-
groundnut 
C; N; 
P; K; 
MN; 
pH; 
EC 
BD; 
AWC; 
Infil 
MBC; 
MBN 
Yield 
 
Farmyard manure, 
10 Mg ha-1 yr-1 + 
50% NPK yr-1 
Incorporated NPK, 100% yr-1 
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Farmyard manure, 
10 Mg ha-1 yr-1 + 
100% NPK yr-1 
Incorporated NPK, 100% yr-1 
    
Yagüe et al. 
(2016) 
Dairy manure, 30 
Mg ha-1 yr-1 
Incorporated NPK, 100% yr-1 Spain 11 Not 
balanced 
Irrigated 
Maize 
C AS; 
porosity 
EW Yield  
 
Dairy manure, 60 
Mg ha-1 yr-1 
Incorporated NPK, 100% yr-1 
        
Zhao et al. 
(2009) 
Swine manure, 38 
Mg ha-1 yr-1 + 
100% NP yr-1 
Not stated NP, 100% yr-1 China 25 Not 
balanced 
Wheat-
maize 
C; N; 
P; pH; 
EC 
BD; AS MBC; 
Respir 
Yield 
Note: AE SS: Aerobic sewage sludge; AN SS: Anaerobic sewage sludge; MSW: Municipal solid waste; IN: inorganic N fertilizer; 
NPK: inorganic NPK fertilizer; MN: micronutrients; EC: electrical conductivity; CEC: cation exchange capacity; AS: aggregate 
stability; BD: bulk density; AWC: available water holding capacity; PWP: permanent wilting point; Infil: infiltration; MBC: microbial 
biomass C; Respir: microbial respiration; MBN: microbial biomass N; PNM: potential N mineralization; B: bacterial abundance; F: 
fungal abundance; EW: earthworm abundance; MA: microarthropod abundance 
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Abstract 
Encroachment of eastern redcedar (Juniperus virginiana L.) and underutilization 
of livestock manure are two areas of concern for the Great Plains. Developing a new 
market for woody biomass generated from forest and rangeland management activities is 
critical to incentivizing management of these trees. Thus, a collaborative research project 
was initiated in 2015 at two field sites in the Nebraska Sandhills to promote the usage of 
two perceived “waste” products, manure and woodchips, as amendments to improve soil 
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health. The objective of this research was to assess the impact of three years of woody 
biomass applications alone and with various sources of nitrogen on soil chemical, 
physical, and biological properties, as well as crop productivity. Five woody biomass 
amendments [woody biomass applied at 17.3 Mg ha-1 (WB1), woody biomass applied at 
30.9 Mg ha-1 (WB2), woody biomass + 28 kg UAN ha-1 (WBLN), and woody biomass + 
swine manure (WBSM) or cattle manure (WBCM)] and one unamended control (CON) 
were assessed at each site. WBCM, WB1, and WB2 significantly increased soil organic 
matter compared to CON. The surface application of all organic amendments except 
WBLN decreased bulk density in the top 10 cm of soil while WBCM and WB2 increased 
sorptivity. Woody biomass amendments did not significantly affect soil biological 
properties, and soil nitrate concentrations in the top 20 cm of soil were not reduced. In 
general, crop yields and soil moisture were not impacted by the amendments, but soil 
temperature was more stable. Ultimately, woody biomass amendments have the potential 
to improve soil health through increases in organic matter and improved soil physical 
properties.  
KEYWORDS: Livestock manure; Woodchips; Eastern redcedar; Soil health; Crop yield;  
Introduction 
Eastern redcedar (Juniperus virginiana L.), an ubiquitous tree species throughout 
much of the Great Plains, is often planted in windbreaks around houses and as protection 
from inclement weather for grazing calves and cattle. However, the ability of the 
redcedar tree to thrive in many soils and under a broad range of climatic conditions has 
contributed to its proliferation in land areas outside of managed windbreaks and 
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subsequent designation as an invasive species “infesting” Nebraska’s grasslands. This is 
an area of concern in the Great Plains, specifically in Nebraska where the number of 
eastern redcedar seedlings distributed for conservation purposes is the highest in the 
country (Ganguli et al., 2008). 
The environmental, ecological, economic, and social threats posed by eastern 
redcedar tree encroachment are numerous. In Nebraska, where cattle outnumber people 
four-to-one, grazing cattle convert grass from 24 million acres of rangeland and pasture 
into nutrient dense protein and many other products for use by people. Eastern redcedar 
trees reduce forage production on grasslands, negatively impacting cattle production. 
Within 15-30 years of initial eastern redcedar encroachment, productivity of rangeland 
for cattle grazing has been demonstrated to decrease by 75% (Engle and Kulbeth, 1992; 
Limb et al., 2010). Once encroachment begins, landowners typically perceive the risk to 
rangeland as low and do not manage the trees until rangeland productivity ceases (Harr et 
al., 2014). The proliferation of these trees also fragments habitat for wildlife and creates 
dangerous conditions for wildfire. The School Land Trust, the largest landowner in the 
state of Nebraska, generates income for public schools from grazing leases on more than 
950,000 acres of grasslands. To limit major economic losses resulting from eastern 
redcedar invasion on their land, the board is proposing to stop planting cedar trees and to 
remove existing seed sources, including windbreaks and female trees. 
The School Land Trust is just one of many Nebraska agencies targeting redcedar 
encroachment as a major ecological threat to the state. However, landowners bear the 
majority of the burden regarding redcedar management. With costs of up to $1,000 per 
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acre for mechanical removal and few options for utilization of the resulting biomass, 
removal of trees is failing to keep pace with new tree establishment. 
Biomass from forest, rangeland, and riparian management has historically been 
used for mulch, fuel, and other products. While the practice of applying wood chip mulch 
to soil is regularly promoted for gardening, the concept has not been widely applied to 
agricultural row crop production. Research on the effects of crop residue mulches on soil 
quality (e.g. Rees et al., 2002; Chakraborty et al., 2008; Mulumba and Lal, 2008; Jordán 
et al., 2010) have far outpaced studies on the application of woodchips to achieve similar 
soil quality benefits. The surface application of woody biomass has been shown to 
significantly increase soil moisture and soil organic carbon (SOC) concentration 
(Fentabil, Nichol, Neilsen, et al., 2016; Stevenson et al., 2011). Additionally, while two 
lab studies and one field study showed that woody biomass application did not affect soil 
nitrate concentrations (Li et al., 2018; Stevenson et al., 2011; Tiquia et al., 2002), 
research by Fentabil et al. (2016) indicated that soil nitrate concentrations were reduced. 
Results on the effect of woodchip application on soil biological properties have been 
mixed. Li et al. (2018) reported no effect on soil respiration or microbial biomass 
nitrogen (N) and a reduction in microbial biomass carbon (C) when compared to no 
amendment in a microcosm study, while Stevenson et al. (2011) reported increases in all 
three metrics measured in amended rangeland.  
Soil health management refers to the maintenance or improvement in soil 
physical, chemical, and biological properties that support plant growth and soil multi-
functionality. Doran et al. (1996) described soil health as the “continued capacity of the 
soil to function as a vital living system, within ecosystem and land-use boundaries, to 
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sustain biological productivity, maintain the quality of air and water environments, and 
promote plant, animal, and human health.”  Typically, ‘healthy’ soils are characterized by 
proficient nutrient cycling, plentiful and diverse organisms, sufficient water infiltration 
and holding capacity, and production of healthy crops and vegetation. In general, 
management practices that return and increase soil organic carbon are vital to improving 
soil health because C is the primary energy source for microbes in soil systems (Doran et 
al., 1996; Herrick, 2000; Kibblewhite et al., 2008). 
One practice that increases SOC is livestock manure application (Edmeades, 
2003; Haynes and Naidu, 1998). The application of manure also decreases soil bulk 
density, enhances N mineralization and cycling, and increases soil water holding 
capacity, which individually and collectively exert a positive impact on crop production 
(Edmeades, 2003; Monaco et al., 2008; Zhao et al., 2009; Bassouny and Chen, 2016). 
Additionally, manure application increases aggregate stability and infiltration, which 
decreases soil erosion (Wortmann and Walters, 2006; Bhattacharyya et al., 2007; Zhao et 
al., 2009).  
Developing a new market and raising awareness of redcedar encroachment is 
essential to incentivizing landowners to manage forest, riparian, and rangeland areas. 
Thus, a collaborative project was established in 2015 in the Nebraska Sandhills to 
promote the usage of two perceived “waste” products, livestock manure and woodchips 
generated from tree clearing activities, to increase soil health. This research aimed to 
determine the impacts of land application of woody biomass with and without cattle 
manure, swine manure, and liquid nitrogen fertilizer on soil health characteristics on 
cropland. This paper presents data collected over three years at two experimental sites in 
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the Nebraska Sandhills. The objective of this research was to assess woody biomass 
application on soil physical, chemical, and biological properties, soil moisture and 
temperature, and crop production metrics. 
Methods 
Research Sites 
Research was conducted on two commercial crop production fields in north 
central Nebraska from fall 2015 until fall 2018. Site A was located within a 40.5 ha (100 
ac) field near Valentine, Nebraska, and Site B was located within a 36 ha (90 ac) field 
near Ainsworth, Nebraska (Figure 3.1). Soils at sites were dominated by fine sands with 
slopes ranging between 0 and 9% (USDA Web Soil Survey, 2017). Both sites were pivot 
irrigated; annual rainfall in the area was approximately 50 cm (20 in). Winter cover 
crops, crop residue, and no-tillage practices were utilized on both sites for over five years 
prior to the commencement of this study. Site A had never had a manure application 
while Site B had swine manure slurry last applied in the fall of 2014.  
For both sites, the commercial operators made all management and cropping 
decisions throughout the study. Important management dates are listed in Table 3.1. At 
Site A, winter rye (Secale cereale L.) was planted in 2015 as the 2016 cash crop. Pinto 
beans (Phaseolus vulgaris L.) and corn (Zea mays L.) were planted in 2017 and 2018, 
respectively. For Site B, corn was planted in 2016 and soybeans (Glycine max L. Merr.) 
were planted in both 2017 and 2018. The depth of irrigation was estimated for 2016 at 
both sites and tipping buckets were installed in 2017 to monitor rainfall and irrigation 
contributions (Table 3.1). For both sites, in-season fertigation of urea ammonium nitrate 
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(UAN) was accomplished through center pivot irrigation to coordinate the timing of 
application with crop needs as a strategy to reduce nitrate leaching. 
Experimental Design and Treatment Application 
Twenty-four plots were established at each site in the fall of 2015. Plots measured 
10 m x 12 m (33 ft x 39 ft) and were separated by a 10 m buffer between plots (Figure 
3.2). Organic amendment treatments included woody biomass applied at 17.3 Mg ha-1 
(WB1), woody biomass applied at 30.9 Mg ha-1 (WB2), woody biomass + 28 kg UAN 
ha-1 (WBLN), woody biomass combined with cattle manure (WBCM), woody biomass 
combined with swine manure (WBSM), and a no amendment control (CONT). 
Treatments were assigned to plots in a randomized complete block design with four 
replications (blocks). Due to unforeseen circumstances, block 1 was eliminated from the 
study area in spring 2017 at Site A.  
Woody biomass generated from local eastern redcedar tree (Juniperus virginiana) 
management was provided by the Middle Niobrara Natural Resources District. The swine 
manure slurry originated from the deep-pit of a local 6,700-head sow facility while the 
cattle manure originated from a local sale barn. Treatments were applied annually in the 
fall (Table 3.2) via surface broadcast with a Meyer’s VB750 manure spreader (Meyer’s 
Equipment Manufacturing, Dorchester, WI). The spreader was calibrated to apply 
approximately 15.7 Mg ha-1 of woody biomass, which represented a single-pass rate of 
woody biomass (WB1). The double rate of woody biomass (WB2) was applied by 
making two passes over the plot while WBLN received the single application of woody 
biomass followed by 28 kg UAN ha-1 application via UAN using a hand sprayer after 
application. The WBCM and WBSM treatments consisted of 50% by volume of woody 
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biomass and 50% by volume of manure achieved by mixing in the spreader. These two 
treatments were applied using the same settings (tractor speed, chain speed, and vertical 
beater speed) as the WB1 treatment. Treatments were analyzed for nutrient content by a 
commercial laboratory (Ward Laboratories Incorporated, Kearney, NE) and average 
results are summarized in Table 3.3. Treatment applications were variable year-to-year in 
both application rate and nutrient content. 
Soil Chemical and Biological Property Sampling 
Soil samples were collected on 13 December 2015 prior to treatment application 
to determine initial chemical and biological properties (Table 3.4). Subsequent samples 
were collected in the spring prior to cash crop planting and in the fall after cash crop 
harvest but prior to treatment re-application (Table 3.2). Soil was also sampled in early 
July 2018 to assess mid-season biological properties. For each plot, approximately 10 
random soil cores were collected, avoiding the outside 1.5 m (5 ft) of the plot where 
treatment application was expected to be inconsistent. A 3.2 cm (1.25 in) diameter hand 
probe was used to sample to a depth of 20 cm (7.9 in). Each soil core was divided to yield 
two samples representing soil depths of 0-10 and 10-20 cm for chemical property 
analysis. The two soil depths were composited for biological property analysis. All soil 
samples were maintained at their initial temperature using a cooler and transported to a 
commercial lab in Kearney, Nebraska for analysis within 24 h of collection. Chemical 
properties analyzed included percent organic matter (OM), pH, electrical conductivity 
(EC), cation exchange capacity (CEC), nitrate (NO3-N), phosphorous (P), and potassium 
(K). An estimate of living microbial biomass in samples was achieved via soil microbial 
community testing through analysis of phospholipid fatty acids (PLFAs). Functional 
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groups assessed included bacteria, fungi, and protozoa. Additionally, pre-plant, mid-
season, and post-harvest soil samples obtained during the 2018 growing season were 
analyzed for microbial respiration, microbial active C, and water extracted TN, organic 
N, and TOC, to assess microbial activity.  
Soil Physical Property Sampling 
Soil sorptivity and water stable aggregation were assessed in the fall of 2017 
following crop harvest but prior to treatment application. Soil sorptivity was assessed 
using methods described in Shaver et al. (2013). Briefly, 10.5 cm x 9.8 cm rings were 
pushed into the soil, halfway between the plant row and the center of the row, to a depth 
of 2.5 cm. All plant and treatment debris was carefully removed prior to ring placement. 
Five measurements were made within each plot. Water was poured into the ring, which 
was lined with plastic, to a depth of 1 cm. The plastic was carefully removed and the 
period of time for infiltration to occur was timed with a stopwatch. Sorptivity (S) was 
calculated using the equation described by Smith (1999): 
𝑆 = 1
√𝑡
⁄   
where 1 is the depth of water in cm, and t is time in seconds. Wet aggregate stability was 
assessed via wet-sieving using methods described in Nimmo and Perkins (2002) and 
Blanco-Canqui et al. (2017). Briefly, soil from collected to a depth of 5 cm from five 
locations within each plot between plant rows. Soil was air-dried and passed through an 8 
mm sieve; retained soil and visible plant debris was discarded. A 50 g subsample was 
placed on filter paper on top of a stack of five sieves with openings >0.25 mm in diameter 
and saturated for 10 minutes. The filter paper was removed and samples were sieved in 
water for 10 minutes at 30 rotations per minute. Soil retained on each sieve was oven 
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dried at 105°C for 24 hours and weighed. Water stable aggregates were classified as large 
macro-aggregates (> 2.0 mm), small macro-aggregates (0.250-2.0 mm), and micro-
aggregates (0.053-0.250 mm). Mean weight diameter (MWD) was calculated as: 
𝑀𝑊𝐷 =∑𝑥𝑖𝑚𝑖
𝑛
𝑖=1
 
where n is the number of aggregate size ranges (mm), xi is the mean diamter of the 
particular size of aggregates separated by siveing, and mi is the mass of the aggregates of 
that size range as a fraction of the total dry mass of sample analyzed. Bulk density 
measurements were taken in late June 2018 using the core method (Grossman and 
Reinsch, 2002). Bulk density was assessed for soil depths of 0 – 5 cm and 5 – 10 cm 
using 5 cm diameter rings. One sample was taken per plot between plant rows. Treatment 
debris was carefully pushed aside prior to taking the sample. Samples were dried at 
105°C for 48 hours and weighed.  
Sentek Drill and Drop Probes (Sentek, Stepney, Australia) were installed within 
the plant row in all plots, excluding block 1, at both sites in June 2017 to continuously 
monitor soil volumetric water content (VWC), temperature, and electrical conductivity 
(EC). Sentek PLUS data loggers recorded sensor outputs every 15 minutes. Sensors were 
removed for crop harvest and planting. Probes measured 90 cm (36 in) in length and 
monitored soil conditions at nine depths: 5, 15, 25, 35, 45, 55, 65, 75, and 85 cm. Rainfall 
and irrigation were monitored at each site using a tipping bucket. Average daily soil 
moisture and temperature were calculated for each depth and average daily soil water 
storage (SWS) was calculated for 0 to 30 cm and 0 to 90 cm using weighted depth 
increments (Schott et al., 2017). 
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Crop Yield 
Corn yield and plant populations were assessed at physiological maturity using 
methods described in Kladivko et al. (2014). Briefly, six random plants were sampled per 
plot and dried at 60°C for 48 hours. Grain was shelled and weighed. Plot populations 
were assessed using 3.65 m (12 ft) sections in four locations per plot. Edge rows were 
avoided. Soybeans and pinto beans were hand harvested in four locations per plot in 
lengths that equaled 1/10,000 of an acre. Plants were dried at 60°C for 48 hours, threshed 
and grain was weighed. For rye, total biomass was assessed by harvesting four random 
0.25 m2 areas within each plot. After drying at 60°C for 48 hours, all biomass was 
weighed. 
Statistical Analysis 
The experimental design was a randomized complete block design for organic 
amendment treatment. Statistical analyses were performed using Statistical Analysis 
Software (SAS ver. 9.4, SAS Institute Inc., Cary, NC). The generalized linear mixed 
model (GLIMMIX) procedure was used to analyze the statistical effect of organic 
amendment on soil aggregate stability, sorptivity, and crop yields; site and treatment*site 
were treated as fixed effects. Soil chemical properties and bulk density were analyzed 
similarly with depth as a split plot with depth, site, treatment*site, treatment*depth as 
fixed effects. Soil chemical and biological properties were also analyzed with sampling 
time as the split plot (repeated measure) with treatment, site, time, treatment*time, 
treatment*site, and treatment*site*time as fixed effects. For soil moisture and 
temperature data, a growth curve analysis was performed. Briefly, linear regressions were 
fit for all depths as well as soil water storage. Linear regression coefficients were 
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analyzed using Proc GLIMMIX with treatment, site, year, treatment*site, treatment*year, 
and treatment*site*year as fixed effects (Eskridge and Stevens, 1987). Replication was 
set as a random effect for all procedures. For all statistical analyses, means were 
separated using a least significant difference (LSD) test at the 0.05 level (LSD0.05). 
Results 
Organic Matter 
Organic matter (OM) increased (p<0.05) under the WBCM and WB2 treatments 
by 15% and 10%, respectively, in the top 20 cm of soil, relative to CON (Table 3.5). 
WBCM also significantly increased OM compared to WBSM and WBLN by 10% and 
11%, respectively. Depth and treatment*depth effected OM (p<0.05), with greater OM in 
the 0-10 cm depth than the 10-20 cm depth (Table 3.5). No treatment had any effect on 
the 10-20 cm depth. OM significantly increased (p<0.05) over the course of the study 
(Table 3.6), and there was also a treatment*time interaction (Figure 3.3). OM was greater 
(p<0.05) for WBCM than CON and WBSM after two treatment applications. 
pH, EC, and CEC 
Biomass application impacted soil pH (Table 3.5) for all treatments relative to 
CON at the 0-10 cm depth; WBCM also increased pH at 10-20 cm relative to CON. 
WB1, WB2, and WBCM increased soil pH by 2%, 4%, and 5%, respectively. Time, 
treatment*time, and treatment*time*site were all significant (p<0.05) (Table 3.6). At site 
A, WB2 soil pH was greater than CON after one biomass application (Figure 3.4) and 
was greater (p<0.05) than all treatments except WBCM at the final sampling time. 
WBCM also had greater (p<0.05) soil pH relative to CON after two applications. At site 
B, soil pH was consistently greater (p<0.05) for WBCM than all other treatments.  
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Both WBCM and WBSM increased mean soil electrical conductivity (EC) 
compared to CON (Table 3.5), with final EC values of 113.0 and 112.7 uS, respectively. 
No differences (p<0.05) in EC were noted between WB1 and WB2, nor between either of 
these and WBLN. As with soil pH, time, treatment*time, and treatment*time*site all 
impacted EC (p<0.05) (Table 3.6). At both sites, soil EC was not consistently affected 
(p<0l05) by any treatment relative to CON (Figure 3.4). 
There were no differences in cation exchange capacity (CEC) due to treatment nor 
were the treatment*site or treatment*depth interactions significant (p>0.05) (Table 3.5). 
Average CEC across all treatments and sampling times was 5.7 me 100 g-1 and CEC was 
greater (p<0.05) in the top 10 cm than at 10-20 cm depth. The CEC at site B was greater 
(p<0.05) than at site A. When the effect of time was evaluated on the surface soil (0-10 
cm), time, treatment*time and treatment*time*site were all significant (p<0.05) (Table 
3.6). Treatment did not consistently affect CEC at either site (Figure 3.5). 
N, P and K 
Soil NO3-N concentrations were not affected (p<0.05) by organic amendment 
application (Table 3.5). Across all treatments and sampling times, mean soil NO3-N 
concentration was two times greater at site A than site B and the concentration in surface 
soils (0-10 cm) was more than twice that in soil at 10-20 cm. No treatment*depth or 
treatment*site interactions were identified. However, treatment*time interactions existed 
(Table 3.6) and the effects were quite different between sites. At site A, soil NO3-N 
concentration for WBLN was greater (p<0.05) than all other treatments initially (Figure 
3.5), then decreased to a concentration similar to the other treatments. In spring 2018, 
WBSM was greater (p<0.05) than all other treatments. At site B in spring 2017, 
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concentrations under WBSM and WBLN were greater (p<0.05) relative to CON, but in 
fall 2017, concentrations under CON were greater than WB1, WBCM, and WBLN.  
Soil phosphorous (P) concentration was greater (p<0.05) for WBSM than all other 
treatments (Table 3.5), though only at the 0-10 cm depth, and it was greater at site B than 
A. Time, time*treatment, and time*treatment*site were all significant (p<0.05) (Table 
3.6). The greater concentration of soil P observed for WBSM relative to all other 
treatments occurred by spring 2018 at both sites (Figure 3.6Figure 3.5). WBCM initially 
had higher soil P concentrations at site B relative to all other treatments (p<0.05).  
Soil potassium (K) concentration was significantly impacted by treatment (Table 
3.5) with the concentration observed for WBCM (191.2 ppm) being 26% greater than the 
average of all other treatments (151.5 ppm). As with NO3-N and P, soil K was greater 
(p<0.05) in the top soil depth than at 10-20 cm. However, unlike the other nutrients, an 
effect at the 10-20 cm depth was observed for soil K concentration and was greater for 
WBCM than all other treatments. Time, time*treatment, and time*treatment*site were 
significant (Table 3.6). As shown in Figure 3.6, both sites had higher soil K concentration 
in the spring compared to fall. Soil K concentration under WBCM at site A was greater 
(p<0.05) relative to CON in all spring periods and in fall 2018. At site B, soil K 
concentration was only greater (p<0.05) relative to CON in spring 2016 and spring 2018. 
Bulk Density, Aggregate Stability, and Sorptivity 
Soil bulk density (BD) decreased (p<0.05) after only three applications of 
amendments (Table 3.5), which occurred annually over the three-year study. Site, depth 
and the effect of treatment*depth were also significant. All biomass treatments except 
WBLN decreased (p<0.05) bulk density by an average of 14% in the top 10 cm of soil; 
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similar results were seen in the top 5 cm of soil. However, at the 5-10 cm depth, only 
WB1, WBCM, and WB2 decreased bulk density compared to CON, on average by 5%. 
Treatment effect did not differ by site.  
Mean weighted diameter (MWD) and wet aggregate stability were not affected by 
two applications of biomass treatments (p>0.05) (Table 3.7). Average MWD was 1.81 
mm and the largest proportion (42.7%) of aggregates were greater than 1.0 mm in size. 
Differences were observed between the two study sites with a 50% larger MWD at site B 
than at site A. Majority of aggregates at site B were greater than 1.0 mm (50.3%) while at 
site A, 40.7% fell in the range of 0.25 to 1.0 mm. Site A also yielded approximately 40% 
more aggregates measuring less than 0.25 mm in size than did site B.  
Sorptivity differed (p<0.05) among treatments after only two biomass 
applications (Table 3.7); the greatest value being for WB2 followed by WBCM, WBLN, 
WBSM, WB1, and CON. Sorptivity for WB2 and WBCM were 45% and 36% greater 
than CON, respectively. Compared to WBLN, WB2 increased sorptivity by 33%, but no 
difference was observed between WB2 and WB1. Manure type did not affect sorptivity, 
and there was no significant site*treatment interaction.  
Biological Properties 
There were no statistical differences (p<0.05) due to treatment in total microbial 
biomass (MB), functional group diversity index (FGDI), or total populations of bacteria, 
fungi, and protozoa (Table 3.8). Time was a significant factor for all five abundance 
measures, but measures did not necessarily increase or decrease with time or vary 
predictably with season. Arbuscular mycorrhizal fungi (AMF) abundance was affected by 
treatment (p<0.05) with greater abundance for WB2 than WB1, WBSM, WBLN, and 
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CON. AMF abundance was also greater for WBCM than WBLN. The abundance of 
saprophytes, gram positive bacteria, and gram negative bacteria did not differ by 
treatment.  
Microbial respiration and microbial active C (MAC) – measures of microbial 
activity – were not affected (p<0.05) by treatment, site, or any of the interaction terms 
(Table 3.8). Further, organic N (ON) and total organic C (TOC) – measures of available 
nutrients for microbes – were also not different for these factors. However, microbially 
available total N and the ratio of organic C to organic N (OC:ON) differed among 
treatments. Total N available to microbes was greater (p<0.05) for WBSM than all other 
treatments, ranging from 87% greater than WBCM to 108% greater than WB1. The ratio 
of OC:ON was lower for WBSM than other biomass treatments, ranging from 9% lower 
than WBCM to 16% lower than WB2. 
Soil Moisture and Temperature 
Linear regressions were fit to daily soil moisture and soil water storage (SWS) 
measurements for each plot within a growing season at each site (Figure 3.7). Treatment 
did not impact (p>0.05) regression coefficients for SWS or soil moisture at any depth 
(Table 3.9). For the top soil depths (< 35 cm) and SWS in the top 30 cm, there were 
treatment*year*site interactions. In 2017, SWS regression coefficients were greater 
(p<0.05) in WBSM compared to WB2 and CON at Site A, while in 2018, coefficients 
were reduced in WBCM compared to WB1, WBLN, and WBSM at site B. Further, 
WBSM had a greater (p<0.05) regression coefficient at site B in 2018 compared to WB2. 
The average regression coefficient for WBSM at site A in 2017 was 4.7 mm day-1 and 
6.36 mm day-1 for WB2. Thus, SWS increased throughout the growing season in WBSM 
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and decreased in WB2. The 2018 regression coefficient for WBCM at site B was -20.7 
mm day-1 while WBSM had an average regression coefficient of -3.7 mm day-1.  
Regression coefficients were also calculated for daily temperature measurements 
(Figure 3.8). Treatment impacted temperature regression coefficients for all depths except 
25 cm (Table 3.10). Among all significant depths, WB2 had the greatest regression 
coefficient compared to the other treatments. At a soil depth of 5 cm, WB2 had an 
average regression coefficient of -0.068 °C day-1 while CON had an average regression 
coefficient of -0.074 °C day-1. At that depth, WB1 and WBLN had coefficients that were 
approximately 15% greater than CON. At 15 cm of depth and deeper, the regression 
coefficient of WBCM was significantly greater than the control while the same was true 
for WBSM below 25 cm of depth. 
Crop Yield 
Of the six crops among both sites, only two experienced yield differences due to 
treatment (Table 3.11). In 2016, a greater (p<0.05) rye yield at site A was produced under 
WBLN than all other treatments, ranging from 14% greater than WBCM to 29% greater 
than WB2. No other treatments produced yields that differed relative to CON. However, 
WBCM and WB1 had greater (p<0.05) biomass yields than WB2 by 14% and 12%, 
respectively. In 2017, greater (p<0.05) soybean yield at site B was produced under 
WBSM than WB1, WB2, and WBCM; differences in yield for WBSM ranged from 8% 
more than WBCM to 19% more than WB2. 
Discussion 
There were significant treatment*time*site interactions for biological and 
chemical soil properties (Table 3.6 and Table 3.8), as well as for soil moisture and 
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temperature regression coefficients (Table 3.9 and Table 3.10). These significant 
interactions indicate that seasonality, climate, and individual farm management practices 
(e.g. crop type) likely had greater impact on soil properties than the organic amendments. 
Previous studies indicate that management and climatic factors have significant effects on 
soil properties (Bossio et al., 1998; de Paul Obade and Lal, 2016). Because the research 
was conducted within commercial crop production fields, management between the two 
sites varied greatly. While each site produced corn and soybeans at least once during the 
three-year study, the two crops were never grown at both sites in the same year (Table 
3.1). Thus, irrigation amounts and timing were also different between sites. These 
uncontrolled variables made interpretation of results across both sites difficult since 
observed differences in monitored characteristics could not be attributed solely to 
treatment effects. 
For majority of soil chemical properties, treatment effect was delayed until after 
two or three applications of the organic amendments. For example, differences in soil 
OM did not occur until the spring of 2017 after two applications of woody biomass 
amendments (Figure 3.3). Similar delays occurred in more transient soil properties, such 
as soil P concentration (Figure 3.6). Additionally, with the exception of soil K 
concentrations, treatments did not have a significant effect on soil below 10 cm of depth. 
These results agree with Sutton et al. (1982) who also reported delayed effects on 
changes in concentration with depth and concentrations over time of the surface 
application of swine manure on soil properties, such as NO3-N and K. Previous research 
findings regarding surface application of woodchips has been mixed about its effect on 
soil NO3-N concentrations with some reporting decreases (Fentabil, Nichol, Jones, et al., 
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2016; Fentabil, Nichol, Neilsen, et al., 2016) and others reporting no effect (Li et al., 
2018; Maggard et al., 2012). In this study, there was no effect of woodchip application on 
soil NO3-N concentrations compared to CON (Table 3.5). Likely, since amendments 
were surface applied, soil NO3-N were not affected. 
The addition of manure to the woody biomass increased soil P and K 
concentrations (Table 3.5), likely due to the chemical composition of the manures and 
overall field management. P concentration was 8 to 18 times greater in WBSM than the 
other organic amendments each year of the study (Table 3.3.3). Soil K concentration was 
35 to more than 100% greater in WBCM compared to the other treatments. Further, since 
this research occurred on plots within a commercial crop farm, fertilizers containing P 
and K were used across all plots leading to increases in P and K that may not occur if 
these manure nutrients were properly credited. 
Previous research indicates that incorporation of woody biomass reduces soil bulk 
density (Bulmer et al., 2007; Li et al., 2018) but surface application of woody biomass 
does not (Bulmer et al., 2007; Fentabil, Nichol, Neilsen, et al., 2016; Li et al., 2018). 
However, in the previous studies, bulk density was measured less than two years after 
woody biomass application. In longer studies where crop residues were surface applied as 
mulch, bulk density decreased with increasing rates of mulch application (Jordán et al., 
2010; Mulumba and Lal, 2008). Thus, the surface application of mulch likely has a 
delayed effect of decreasing bulk density when compared to incorporated mulch since 
microbial decomposition of woody biomass occurs slower than incorporated biomass 
(Larney et al., 2008).  
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Although manure application has been shown to significantly increase water 
stable macro-aggregates both with and without incorporation (C. S. Wortmann and 
Shapiro, 2008), aggregation was not affected by treatment in this study (Table 3.7). 
While no studies have investigated the effect of surface applied woody biomass on 
aggregation, a nine year study by Ndayegamiye and Angers (1993) concluded that 
incorporation of woody biomass did not increase aggregation. However, in their studies 
utilizing crop residues as surface mulch, both Jordán et al. (2010) and Mulumba and Lal 
(2008) reported increases in aggregate stability associated with higher C content. Given 
the increase in OM in surface soils during the third year of this study, it is probable that 
aggregate stability could increase with time as the woodchips decompose. 
Individually, manure and woody biomass have each been shown to increase 
infiltration (Bhattacharyya et al., 2007; Li et al., 2018; Charles S Wortmann and Walters, 
2006). Soil sorptivity is related to infiltration and is governed by soil physical properties 
at the surface, such as bulk density, aggregate stability, and texture (Shaver et al., 2013). 
Shaver et al. (2013) found that soil sorptivity increased as crop residue increased. 
Additionally, increased aggregate stability, increased C in macro-aggregates, and 
decreased bulk density also caused an increase in soil sorptivity. The increase in 
sorptivity in this study is likely associated with decreasing bulk density. WB2 had the 
greatest decrease in bulk density when compared to the control and also had the highest 
sorptivity rate, whereas WBLN did not differ from CON in either bulk density or 
sorptivity. 
Lack of statistical differences in biological properties is supported by previous 
research (Table 3.8). In a three year study on the effect of the surface application of wood 
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mulch with and without inorganic fertilizer, Tiquia et al. (2002) found no differences in 
microbial respiration, abundance, or diversity compared to soil with no amendment. 
Additionally, in their three month laboratory study, Li et al. (2018) reported no 
differences in microbial respiration with surface applied woody mulch compared to non-
amended soil. Incorporation of woody biomass in soil has been shown to increase 
microbial respiration and total PLFA biomass compared to non-amended soil after only 
six months (Stevenson et al., 2014). Increases in abundance and activity with 
incorporated amendments likely results from the increased availability of C to the soil 
microbes. Thus, as organic amendments like those used in this study get incorporated into 
soil over time, it is possible that microbial respiration and abundance would increase. 
AMF abundance is significantly affected by soil nutrient content and management 
practices, like tillage and cropping system (Bünemann and Schwenke, 2006; Köhl et al., 
2014; Palm et al., 2014). AMF forms symbiotic relationships with vegetation and utilizes 
photosynthetic C from the host, in turn providing nutrients and water. When nutrients are 
limited, AMF abundance increases (Bünemann and Schwenke, 2006; Palm et al., 2014). 
WB2 could have been limited in N due to the greater the C application during the 
growing season, causing AMF abundance to increase. None of these previous studies 
investigated the effect of surface application of woody biomass on AMF abundance, but 
Lu et al. (2015) did find that the surface application of corn residue increased AMF 
abundance. Further, due to higher concentrations of P, swine manure has been shown to 
decrease AMF abundance while cattle manure increases it (Balota et al., 2016; Ngosong 
et al., 2010).  
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Soil samples were taken in the early spring and late fall when there were no 
actively growing crops (Table 3.1 and Table 3.2), affecting the soil biological property 
analyses. Bossio et al. (1998) found that seasonality had a greater impact on soil 
biological properties than management in a long-term study investigating the effects of 
farming systems. In that study, the authors found that management only had a greater 
impact on biological properties when soil samples were taken within two weeks of each 
other. Thus, the temporal distance between sampling periods in the study presented here 
were likely too great to identify differences in soil biological properties resulting from 
treatments. There were differences between treatments in the availability of total N to 
microbes, but there were no differences in activity or abundance (Table 3.8). Under a 
more intensive sampling regime, it is possible that differences in biological properties 
would be observed among treatments. Alternatively, the two sites utilized for this 
research already had high PLFA abundance and diversity due to long-term no-tillage 
management with cover crops and intensive N management through fertigation. 
Consequently, further increases in microbial abundance and diversity may be unlikely. 
Both sites were irrigated and had been under no-till management for several years 
prior to the commencement of this research project. Thus, it is not surprising that there 
were not many statistical differences in soil moisture dynamics between treatments 
(Table 3.9). Many previous studies reporting increases in soil moisture under surface 
applied mulches either compared the effects of bare soil to mulched soil or did not 
include irrigated systems (Chakraborty et al., 2008; Li et al., 2018; Maggard et al., 2012). 
However, there were significant differences in the regression coefficients for daily 
temperature measurements (Table 3.10). A regression coefficient near zero would 
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indicate that temperature did not change with time. Thus, WB2 had the most stable 
temperature regime compared to the other treatments at all depths and was less impacted 
by air temperature variations. Both WBCM and WBSM had less woody biomass applied 
compared to the organic amendment treatments because only 50% (by volume) of the 
amendment was woodchips. This is likely why temperature only significantly differed 
from the control at depths greater than 15 and 35 cm for WBCM and WBSM, 
respectively.  
Only two of the six crop years had significant differences in yield due to treatment 
(Table 3.11). In 2016, treatment differences occurred in rye biomass at Site A. Except for 
WBLN, no treatments produced yields that were significantly different from CON. 
Because treatments were applied in 2016 after the rye was planted, the rye stand under 
WB2 was poor while the significantly greater soil NO3-N under the WBLN compared to 
the other treatments likely improved early rye growth before fertigation began. In 2017, 
soybean yields were significantly different at Site B. However, soybean yields were not 
significantly different at Site B in 2018. Several studies have reported increased crop 
yield or plant biomass as a result of mulching (Chakraborty et al., 2008; Maggard et al., 
2012; Zhang et al., 2009). However, similar to this study, yield increases did not occur 
every year or for every plant species. These previous studies were all able to draw 
connections between increased soil moisture either at the time of planting or overall 
throughout the growing season. However, when compared to an irrigated control with no 
mulch, Chakraborty et al. (2008) reported greater yields than the unirrigated mulched 
treatment, andMaggard et al. (2012) reported no differences in yield between plants under 
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mulched and unmulched treatments that were irrigated. Thus, in irrigated cropping 
systems, such as the ones in this study, mulching likely does not have an impact. 
Conclusions 
In general, woody biomass application has the potential to improve soil health. 
Applied alone or co-mingled with cattle manure, woody biomass increased SOM after 
three annual applications. These amendments also significantly decreased bulk density 
and increased soil sorptivity compared to non-amended soil. Specifically, the surface 
application of all organic amendments except WBLN decreased bulk density in the top 
10 cm of soil while WBCM and WB2 increased sorptivity. Woody biomass amendments 
did not significantly affect soil biological properties and soil nitrate concentrations in the 
top 20 cm of soil were not reduced. Thus, there was no evidence of N immobilization as 
has been reported with incorporated woody biomass. In general, crop yields were not 
impacted by these amendments. In one crop year, WBLN increased rye yield while WB2 
reduced it. This was likely due to increased early season NO3-N prior to fertigation in 
WBLN and reduced stands due to the heavy application of biomass in WB2. Since both 
sites were under long term no-till management and irrigation, soil moisture was not 
impacted by the amendments, but soil temperature was more stable with amendments.  
Encroachment of eastern redcedar (Juniperus virginiana L.) and underutilization 
of livestock manure are two areas of concern for the Great Plains. Developing a new 
market for woody biomass generated from forest clearing activities is critical to 
incentivizing management of these trees. Ultimately, woody biomass amendments have 
the potential to improve soil health through increases in organic matter and improved soil 
physical properties. The addition of inorganic N to woodchips at the time of biomass 
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application is likely unnecessary as there was no evidence of N immobiliztion due to 
increased surface C. Further, an application of 17.3 Mg ha-1 of woodchips (WB1) was 
sufficient to reap the benefits of soil health improvements without increasing the risk of 
yield loss due to poor stand, indicating that application of woodchips at a higher rate 
likely will not provide greater returns. 
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Figure 3.1. Locations of Site A near Valentine, Nebraska and Site B near Ainsworth, 
Nebraska, relative to Lincoln, Nebraska and the University of Nebraska-Lincoln. 
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Figure 3.2. Experimental design for both sites. Note: in the spring of 2017, block 1 of 
site A was eliminated due to unforseen circumstances. Plot identification numbers 
are listed in the top right-hand corner of each plot.  
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Figure 3.3. Soil organic matter (OM) with standard error bars by treatment for each sampling period for 0-10 cm in depth at 
Sites A and B. Means within each sampling period with a different letter are significantly different (p<0.05). Only means with 
significant differences have letters included; CON= control (no amendment); WB1= single rate of woody biomass (17 Mg ha-1); 
WB2= double rate of woody biomass (31 Mg ha-1); WBCM= woody biomass co-mingled with cattle manure; WBSM= woody 
biomass co-mingled with swine manure; WBLN= woody biomass co-mingled with inorganic N. 
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Figure 3.4.  Soil pH (top) and electrical conductivity (EC) (bottom) with standard error bars by treatment for each sampling 
period for 0-10 cm in depth at Site A (left) and Site B (right). Means within each sampling period with a different letter are 
significantly different (p<0.05). Only means with significant differences have letters included; CON= control (no amendment); 
WB1= single rate of woody biomass (17 Mg ha-1); WB2= double rate of woody biomass (31 Mg ha-1); WBCM= woody biomass 
co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; WBLN= woody biomass co-mingled 
with inorganic N. 
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Figure 3.5. Soil cation exchange capacity (CEC) (top) and nitrate (NO3-N) concentration (bottom) with standard error bars by 
treatment for each sampling period for 0-10 cm in depth at Site A (left) and Site B (right). Means within each sampling period 
with a different letter are significantly different (p<0.05). Only means with significant differences have letters included; CON= 
control (no amendment); WB1= single rate of woody biomass (17 Mg ha-1); WB2= double rate of woody biomass (31 Mg ha-1); 
WBCM= woody biomass co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; WBLN= 
woody biomass co-mingled with inorganic N. 
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Figure 3.6. Soil phosphorous (P) concentration (top) and potassium (K) concentration (bottom) by treatment with standard 
error bars for each sampling period for 0-10 cm in depth at Site A (left) and Site B (right). Means within each sampling period 
with a different letter are significantly different (p<0.05). Only means with significant differences have letters included; CON= 
control (no amendment); WB1= single rate of woody biomass (17 Mg ha-1); WB2= double rate of woody biomass (31 Mg ha-1); 
WBCM= woody biomass co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; WBLN= 
woody biomass co-mingled with inorganic N. 
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Figure 3.7. Average soil moisture (%) and fitted linear regressions by treatment for 
2017 at 5 cm depth for (a) Site A and (b) Site B; CON= control (no amendment); 
WB1= single rate of woody biomass (17 Mg ha-1); WB2= double rate of woody 
biomass (31 Mg ha-1); WBCM= woody biomass co-mingled with cattle manure; 
WBSM= woody biomass co-mingled with swine manure; WBLN= woody biomass 
co-mingled with inorganic N.
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Figure 3.8. Average soil temperature (°C) and fitted linear regressions by treatment 
for 2017 at 5 cm depth for (a) Site A and (b) Site B; CON= control (no amendment); 
WB1= single rate of woody biomass (17 Mg ha-1); WB2= double rate of woody 
biomass (31 Mg ha-1); WBCM= woody biomass co-mingled with cattle manure; 
WBSM= woody biomass co-mingled with swine manure; WBLN= woody biomass 
co-mingled with inorganic N.
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Table 3.1. Cropping information and important management dates for both sites. 
Site 
 
Year 
 
Crop 
 
Planting 
Date 
Harvest 
Date 
Water 
(cm) 
NIrr. 
(kg ha-1) 
NStarter 
(kg ha-1) 
A 2016 Rye Oct. 20 (2015) Jul. 21 30.5 100.9 0.0 
A 2017 Pinto Beans Jun. 8 Sept. 7 44.6 67.3 56.0 
A 2018 Corn May 4 Oct. 4 38.6 274.6 56.0 
B 2016 Corn May 5 Oct. 17 33.0 246.6 16.8 
B 2017 Soybeans May 29 Oct. 3 40.5 0.0 0.0 
B 2018 Soybeans Jun. 4 Sept. 20 53.1 0.0 0.0 
Note: Water= irrigation and rainfall (cm) during the growing season; NIrr = N applied to 
crop via fertigation; NStarter= N applied at the time of planting
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Table 3.2. Treatment application and soil sampling dates for both sites. 
Crop 
Year 
Treatment 
Application 
Soil Sampling 
Spring Summer Fall 
2015-16 Dec. 5, 2015 Apr. 25 — Dec. 5 
2016-17 Dec. 6, 2016 Apr. 13 — Nov. 13 
2017-18 Nov. 14, 2017 May 6 Jun. 29 Oct. 16 
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Table 3.3. Average treatment application rates and nutrient values on a dry weigh basis with standard deviations for 2015 – 
2017. WB1= single rate of woody biomass (17 Mg ha-1); WB2= double rate of woody biomass (31 Mg ha-1); WBCM= woody 
biomass co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; WBLN= woody biomass co-
mingled with inorganic N.  
Trt App. Rate Moisture Total C Total N P K pH C:N  
  Mg ha-1 % % % % %     
WB1 17.3 ± 2.3 31.8 ± 11.7 41.7 ± 10.1 0.29 ± 0.07 0.10 ± 0.04 0.21 ± 0.12 6.2 ± 0.9 158.3 ± 67.3 
WB2 30.9 ± 2.1 31.8 ± 11.7 41.7 ± 10.1 0.29 ± 0.07 0.10 ± 0.04 0.21 ± 0.12 6.2 ± 0.9 158.3 ± 67.3 
WBLN 18.1 ± 3.7 31.6 ± 8.0 43.8 ± 7.1 1.42 ± 1.80 0.20 ± 0.17 0.22 ± 0.10 5.7 ± 0.5 65.6 ± 39.9 
WBCM 52.1 ± 26.0 35.7 ± 3.3 11.2 ± 4.0  0.48 ± 0.17 0.21 ± 0.06 0.46 ± 0.27 8.1 ± 0.5 23.6 ± 3.2 
WBSM 27.6 ± 20.2 37.9 ± 13.4 18.8 ± 3.9 0.88 ± 0.56 1.89 ± 1.85 0.34 ± 0.14 6.8 ± 0.7 29.2 ± 15.1 
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Table 3.4. Initial chemical and biological properties at Site A and B. 
Site OM CEC pH NO3-N P K PLFA FGDI Bacteria Fungi Protozoa 
  % me 100 g-1   ppm ppm ppm ng g-1 soil   ng g-1 soil ng g-1 soil ng g-1 soil 
A 1.2 5.9 5.8 8.1 27.6 152.6 1455 1.3 793 124 2 
B 1.1 6.8 5.9 2.3 22.8 120.8 1830 1.5 748 227 21 
Note: OM= organic matter content; CEC= cation exchange capacity; NO3-N= nitrate concentration; P= phosphorous concentration; 
K= potassium concentration; PLFA= phospholipid fatty acids; FGDI= functional group diversity index
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Table 3.5. Average soil chemical properties at 0-20 cm of depth by treatment. Means 
within each factor with a different letter are significantly different (p<0.05). Only 
means with significant differences have letters included. 
Factor OM pH EC CEC NO3-N P K BD* 
  % 1:1 uS 
meq 
100 g-1 ppm N ppm ppm g cm-3 
Treatment         
CON 1.18c 5.63d 91.4c 5.4 9.1 43.9b 146.5b 1.47a 
WB1 1.27abc 5.78bc 90.5c 5.5 7.3 44.5b 156.0b 1.28b 
WB2 1.30ab 5.85ab 97.5bc 5.2 9.0 43.7b 152.4b 1.22b 
WBCM 1.36a 5.93a 113.0a 5.5 9.8 48.3b 191.2a 1.28b 
WBSM 1.24bc 5.70cd 112.7ab 5.6 11.4 58.2a 156.0b 1.29b 
WBLN 1.22bc 5.62d 102.4abc 5.5 10.5 41.9b 146.5b 1.39a 
Depth, cm         
0-10 1.71a 5.94a 128.7a 6.2a 14.0a 51.4a 183.0a 1.14b 
10-20 0.81b 5.56b 73.8b 4.8b 5.1b 42.1b 133.2b 1.51a 
Site         
A 1.23 6.02a 88.1b 5.2b 13.0a 29.9b 138.1b 1.26b 
B 1.29 5.48b 114.4a 5.8a 6.0b 63.6a 178.2a 1.38a 
 P < F 
trt 0.027 <0.001 0.013 0.455 0.263 <0.001 <0.001 <0.001 
site 0.242 0.004 <0.001 0.005 <0.001 <0.001 0.028 0.003 
depth <0.001 0.001 <0.001 <0.001 <0.001 0.032 <0.001 <0.001 
trt*site 0.634 0.156 0.999 0.773 0.916 0.886 0.652 0.096 
trt*depth 0.004 <0.001 0.559 0.952 0.796 <0.001 0.128 <0.001 
*Depths for BD correspond to 0-5 cm and 5-10 cm. 
Treatments: CON= control (no amendment); WB1= single rate of woody biomass (17 
Mg ha-1); WB2= double rate of woody biomass (31 Mg ha-1); WBCM= woody biomass 
co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; 
WBLN= woody biomass co-mingled with inorganic N.  
Note: OM= organic matter concentration; EC= electrical conductivity; CEC= cation 
exchange capacity; NO3-N= nitrate concentration; P= phosphorous concentration; K= 
potassium concentration; BD= bulk density. 
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Table 3.6. P-values for analysis of variance for chemical properties at 0-10 cm of 
depth based on factors treated as fixed effects.  
Factor OM pH EC CEC NO3-N P K 
treatment 0.010 <0.001 0.008 0.378 0.060 <0.001 <0.001 
site 0.703 <0.001 0.006 0.043 <0.001 <0.001 0.002 
time <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
treatment*site 0.418 0.039 0.970 0.757 0.661 0.773 0.337 
treatment*time 0.020 <0.001 <0.001 0.024 <0.001 <0.001 0.010 
treatment*time*site 0.142 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Note: OM= organic matter concentration; EC= electrical conductivity; NO3-N= nitrate 
concentration; P= phosphorous concentration; K= potassium concentration; CEC= cation 
exchange capacity. 
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Table 3.7. Average soil mean weight diameter (MWD) (cm), water stable aggregates 
(%), and sorptivity (cm min-1/2) by treatment. Means within each factor with a 
different letter are significantly different (p<0.05). Only means with significant 
differences have letters included. 
Factor MWD  > 1 mm 0.25 - 1 mm <0.25 mm Sorptivity 
  mm % % % cm min-1/2 
Treatment      
CON 1.64 42.1 34.5 23.4 1.1c 
WB1 1.67 35.2 40.8 24.0 1.2bc 
WB2 1.83 47.2 33.8 19.0 1.6a 
WBCM 1.72 46.8 39.6 13.6 1.5ab 
WBLN 2.15 44.9 40.1 15.0 1.3abc 
WBSM 1.85 40.2 38.3 21.5 1.2bc 
Site      
A 1.46b 35.2b 40.7 23.9a 1.0b 
B 2.19a 50.3a 34.9 14.8b 1.7a 
P < F 
trt 0.334 0.144 0.325 0.148 0.032 
site 0.007 0.003 0.084 0.021 0.005 
trt*site 0.416 0.203 0.212 0.640 0.069 
Treatments: CON= control (no amendment); WB1= single rate of woody biomass (17 
Mg ha-1); WB2= double rate of woody biomass (31 Mg ha-1); WBCM= woody biomass 
co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; 
WBLN= woody biomass co-mingled with inorganic N.  
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Table 3.8. P-values for analysis of variance for biological properties at 0-20 cm of depth based on factors treated as fixed 
effects. 
Factor MB FGDI Bacteria Fungi Protozoa CO2-C MAC TOC TN ON OC:ON 
treatment 0.731 0.691 0.986 0.293 0.174 0.078 0.139 0.891 0.028 0.224 0.022 
site 0.505 0.332 0.514 0.582 0.250 0.224 0.087 0.798 0.760 0.335 0.143 
time 0.001 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 0.501 0.032 0.025 <0.001 
treatment*site 0.166 0.186 0.568 0.211 0.381 0.861 0.530 0.522 0.193 0.321 0.115 
treatment*time 0.141 0.488 0.209 0.428 0.274 0.641 0.547 0.123 0.019 0.324 0.842 
treatment*time*site 0.003 0.023 0.004 <0.001 0.005 0.717 0.837 0.073 0.101 0.405 0.189 
Note: MB= microbial biomass measured by phospholipid fatty acids; FGDI= functional group diversity index; CO2-C= microbial 
respiration rate; MAC= microbial active C; TOC= total organic C; TN=total N; ON= organic N; OC:ON= ratio of organic C to 
organic N 
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Table 3.9. P-values for analysis of variance among linear regression coefficients for soil water storage (cm) in the top 90 cm 
(SWS90), soil water storage (cm) in the top 30 cm (SWS30), and soil moisture at 10 cm increments from 5 to 85 cm.  
  SWS90 SWS30 5 cm 15 cm 25 cm 35 cm 45 cm 55 cm 65 cm 75 cm 85 cm 
trt 0.372 0.121 0.018 0.749 0.382 0.387 0.326 0.655 0.529 0.602 0.372 
site 0.108 0.871 0.081 0.129 0.400 0.278 0.087 0.028 0.077 0.056 0.110 
year 0.772 0.038 0.007 0.075 0.131 0.083 0.500 0.239 0.354 0.462 0.774 
trt*site 0.634 0.461 0.333 0.138 0.748 0.555 0.620 0.673 0.548 0.514 0.635 
trt*year 0.485 0.280 0.241 0.579 0.372 0.259 0.212 0.490 0.668 0.742 0.485 
trt*year*site 0.240 0.003 <0.001 0.011 0.039 0.049 0.340 0.550 0.578 0.686 0.243 
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Table 3.10. Average linear regression coefficients (°C day-1) for soil temperature at 10 cm increments from 5 to 85 cm by 
treatment. Means within each factor with a different letter are significantly different (p<0.05). Only means with significant 
differences have letters included. 
  
5 cm 
°C day-1 
15 cm 
°C day-1 
25 cm 
°C day-1 
35 cm 
°C day-1 
45 cm 
°C day-1 
55 cm 
°C day-1 
65 cm 
°C day-1 
75 cm 
°C day-1 
85 cm 
°C day-1 
Treatment          
CON -0.074c -0.068c -0.063 -0.057d -0.051d -0.045d -0.039d -0.033d -0.027d 
WB1 -0.063b -0.054b -0.048 -0.042b -0.036b -0.030b -0.024b -0.018b -0.013b 
WB2 -0.049a -0.041a -0.035 -0.035a -0.029a -0.023a -0.017a -0.012a -0.006a 
WBCM -0.068bc -0.058b -0.052 -0.045bc -0.039bc -0.033bc -0.027bc -0.022bc -0.016bc 
WBLN -0.062b -0.054b -0.048 -0.042b -0.036b 0.030b -0.025b -0.019b -0.013b 
WBSM -0.069bc -0.060cb 0.012 -0.048c -0.042c 0.036c -0.030c -0.024c -0.018c 
P < F 
trt <0.001 <0.001 0.582 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
site 0.075 0.035 0.321 0.004 0.004 0.004 0.005 0.007 0.006 
year 0.003 0.001 0.243 <0.001 <0.001 0.001 0.002 0.005 0.006 
trt*site 0.877 0.811 0.554 0.307 0.206 0.095 0.148 0.067 0.042 
trt*year 0.244 0.119 0.528 0.086 0.086 0.147 0.068 0.077 0.089 
trt*year*site <0.001 <0.001 0.404 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Treatments: CON= control (no amendment); WB1= single rate of woody biomass (17 Mg ha-1); WB2= double rate of woody biomass 
(31 Mg ha-1); WBCM= woody biomass co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; 
WBLN= woody biomass co-mingled with inorganic N.  
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Table 3.11. Average crop yields by treatment. Means within each factor with a 
different letter are significantly different (p<0.05). Only means with significant 
differences have letters included. 
Treatments: CON= control (no amendment); WB1= single rate of woody biomass (17 
Mg ha-1); WB2= double rate of woody biomass (31 Mg ha-1); WBCM= woody biomass 
co-mingled with cattle manure; WBSM= woody biomass co-mingled with swine manure; 
WBLN= woody biomass co-mingled with inorganic N.  
 
 
  2016 2017 2018 
  
Rye 
Biomass 
Corn 
Yield 
Pinto Bean 
Yield 
Soybean 
Yield 
Corn 
Yield 
Soybean 
Yield 
— Mg ha-1 — 
Treatment       
CON 7.96cb 7.27 3.75 4.36ab 14.44 4.15 
WB1 8.82b 7.03 3.69 4.05b 14.54 2.95 
WB2 7.85c 7.38 3.85 4.61b 13.79 2.65 
WBCM 8.93b 7.64 3.15 5.02b 14.19 2.88 
WBSM 8.56cb 7.62 3.21 4.64a 14.11 3.18 
WBLN 10.15a 7.65 4.64 4.66ab 13.44 3.18 
P < F 
trt 0.002 0.757 0.118 0.038 0.415 0.098 
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Abstract 
The complexity of natural systems and presence of numerous factors exerting 
influence at the field scale make it very difficult to connect observed effects with a single 
conservation practice or parameter. The controlled conditions of laboratory column 
studies can be beneficial for assessing factors that are difficult to measure on a field-
scale. This column study was conducted to quantify leachate quantity and quality, 
greenhouse gas emissions, and soil C and N balances in a fine sandy soil treated with 
surface applied woody biomass (WB), woody biomass supplemented with 28 or 56 kg 
inorganic N ha-1 (WBLN1 or WBLN2), and woody biomass co-mingled with swine 
(WBSM) or cattle manure (WBCM). A control (CON) with no amendment applied was 
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also included. Irrigation was simulated weekly at a rate of 50 mm (400 mL) during 13 
events in a 13-week period; nitrogen was added to the irrigation water at a rate of 40 ppm 
in weeks 5 through 11. Leachate quality or quantity was not significantly impacted by 
woody biomass treatment. WBSM, WBCM, and WBLN increased cumulative CO2 
emissions relative to CONT by 100%, 76%, and 48%, respectively. WBSM also 
increased initial N2O emissions relative to CONT by 170%. Soil properties were not 
impacted by woody biomass treatment. There was no evidence of N immobilization or 
microbial denitrification. Coupled water and air quality measurements indicated that 
nitrification was the dominant process in the columns. Nutrient balances indicated that 
the main pathway for N loss was leaching while C was primarily lost through emissions. 
KEYWORDS: Carbon; Nitrogen; Manure; Woodchips; Greenhouse gases; Water quality; 
Soil Columns 
Introduction 
Healthy soil supports productive and profitable crop production systems that are 
sustainable and environmentally sound. Soil health, defined as the “continued capacity of 
the soil to function as a vital living ecosystem that sustains plants, animals, and humans” 
(Doran, 2002; Kibblewhite et al., 2008), is influenced by complex interactions among 
physical, chemical and biological properties of soil. Management practices that return 
and increase soil organic carbon (SOC) concentration are vital for improving soil 
structure and nutrient cycling, which are critical for crop and rangeland productivity. One 
practice that increases SOC concentration is livestock manure application (Edmeades, 
2003; Haynes and Naidu, 1998). Long-term manure application at a rate designed to meet 
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crop nutrient needs can increase SOC concentration by over 100% when compared to 
mineral fertilizer (Edmeades, 2003). Thus, dual crop and livestock production regions, 
such as Nebraska, have the potential to increase manure utilization in cropping systems to 
improve soil health (USDA- NASS, 2016).  
Eastern redcedar (Juniperus virginiana L.) is ubiquitous throughout much of the 
Great Plains, but has recently emerged as a threat to pasture and rangeland productivity in 
the region. Often planted in windbreaks around homes and as protection for grazing 
livestock, the ability of the redcedar tree to thrive under a broad range of soil and climatic 
conditions has contributed to its designation as an invasive species “infesting” 
Nebraska’s grassland. Eastern redcedar tree encroachment fragments habitat for wildlife, 
creates dangerous wildfire conditions, and reduces forage production on grasslands. 
Studies have documented a 75% decrease in productivity of rangeland for cattle grazing 
within 15 to 30 years of initial eastern redcedar encroachment (Engle and Kulbeth, 1992; 
Limb et al., 2010). In Nebraska, where cattle outnumber people four-to-one, redcedar 
trees threaten to decrease availability and quality of the 24 million acres of rangeland and 
pasture that grazing cattle convert into nutrient dense protein and many other products for 
use by people. Once encroachment begins, landowners typically perceive the risk to 
rangeland as low and do not manage the trees until rangeland productivity ceases (Harr et 
al., 2014). Management of eastern redcedar is critical in Nebraska to prevent the 
conversion of grassland to a closed canopy ecosystem. Biomass from forest, rangeland, 
and riparian management has historically be used for mulch, fuel and other products, 
though the practice of applying wood chip mulch to agricultural cropland is uncommon. 
In an effort to develop new markets for redcedar biomass a collaborative project was 
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launched in 2015 in the Nebraska Sandhills to assess the usage of livestock manure and 
woodchips generated from tree management activities to enhance agricultural soil health. 
The woodchips were anticipated to provide available C, which would serve as an energy 
source for the microorganisms in the manure. 
Healthy soils provide many important ecosystem services, such as water 
provision, soil fertility, and C sequestration (Comerford et al., 2013; Palm et al., 2014). 
Previous research on surface-applied woodchips suggests that water storage is increased 
with woodchip application while soil NO3-N concentrations are decreased through 
microbial denitrification, thereby reducing the risk of NO3-N leaching (Fentabil, Nichol, 
Jones, et al., 2016; Fentabil, Nichol, Neilsen, et al., 2016). However, in two other studies, 
soil NO3-N concentrations were not affected when woodchips were surface applied (Z. Li 
et al., 2018; Maggard et al., 2012). Further, while application of woodchips have been 
reported to not increase carbon dioxide (CO2) emissions (Z. Li et al., 2018), surface 
application of woodchips mixed with manure or inorganic N reduces growing season 
emissions of nitrous oxide (N2O), a powerful greenhouse gas (Fentabil, Nichol, Neilsen, 
et al., 2016). However, a knowledge gap remains regarding the effect of manure and 
woodchip applications on C and N balances accounting for greenhouse gas emissions, 
leachate quality and quantity, and soil properties into a single study. 
Laboratory experiments (i.e. column studies, microcosms, and mesocosms) can be 
ideal to assess factors that are difficult or expensive to measure on a field-scale. For 
example, nutrient balances can be more accurately estimated within a closed system 
where all inputs and outputs are accounted for and environmental factors can be 
controlled (Bhowmik et al., 2016; Cesarano et al., 2017; X. Li et al., 2016; Messer et al., 
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2017). However, one limitation of utilizing laboratory methods is their scalability to field 
conditions (Carpenter, 1996). Important processes that may take years or decades to 
become apparent in the field may not be fully reflected in a laboratory experiment lasting 
only a few weeks or months. Coupling microcosms with field scale studies for 
verification can be an alternative (Al-kaisi and Guzman, 2013; Bhowmik et al., 2016). 
This soil column study was designed to complement on-farm research assessing the effect 
of surface applied woody biomass and manure on soil health properties of sandy soils. 
The specific objectives of this study were to: i) assess the impact of woody biomass with 
various sources of N on leachate quality and greenhouse gas emissions over a 13-week 
period using soil columns, and ii) quantify C and N balances throughout the experiment. 
Materials and Methods 
Materials Description 
Soil was collected from the top 15 cm of the profile from two row-crop fields in 
the Nebraska Sandhills in November 2017. Both fields were dominated by Valentine fine 
sandy soil (excessively drained, Eolian sand). Soil from the two sites was composited, air 
dried for four days, and sieved using a 2-mm screen and visible plant debris removed 
(Mukherjee et al., 2014). Then, soil was stored in the dark at 4 °C until use. A baseline 
sample of the composited soil was characterized at a commercial laboratory (Ward 
Laboratory Inc., Kearney, NE) for particle-size distribution (90% sand and 7% clay), 
nitrate-N (NO3-N), ammonium-N (NH4-N), total N (TN), and total C (TC) (Table 4.1). 
Woodchips were generated from forest management of eastern redcedar 
(Juniperus virginiana L.) in the Nebraska Sandhills using a Vermeer BC2100 chipper. 
Wood was less than six months old prior to collection and chipping in November 2017. 
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Average particle size for the woodchips was 1 to 3 cm with a moisture content of about 
10%. Woodchips were stored in the dark at 4 °C prior to the experiment. Swine and cattle 
manure originated from the University of Nebraska-Lincoln (UNL) Eastern Nebraska 
Research and Extension Center near Mead, NE in May 2018 and was stored in the dark at 
4 °C. The swine manure was collected from the deep-pit of the UNL Swine Research 
Center while the cattle manure was collected from a manure stockpile adjacent to the 
UNL beef research feedlot. Samples of the woodchips and swine and cattle manure were 
all analyzed for C and N constituents, pH, and dry weight at a commercial laboratory. 
Experimental Design 
The leaching experiment was conducted using columns fabricated from Schedule 
40 (Sch. 40) polyvinyl chloride (PVC) with an inside diameter of 10.2 cm (4 in.) and a 
total length of 50.8 cm (20 in.) (Figure 4.1). Fiberglass screens were affixed to the inside 
of a round 10.2-cm (4-in.) diameter Sch. 40 PVC inside pipe drain, which was then 
inserted into the bottom of the column. Fiberglass wool was placed inside a 10.2-cm (4-
in.) diameter Sch. 40 PVC cap, which was securely seated over the bottom of the column. 
A 6.25 mm metal barb was inserted into the center of the PVC cap to permit leachate to 
freely drain from the column. Soil was dry packed into columns using 5 cm lifts for 
compaction (1.4 g cm-3) and light scarification between layer depositions (Lewis and 
Sjöstrom, 2010; Oliviera et al., 1996). The total depth of soil within the columns was 40 
cm to allow sufficient headspace (850 cm3) for greenhouse gas sampling. The column 
diameter and soil height adhered to 1:4 ratio for diameter:length proposed by Lewis and 
Sjöstrom (2010) to minimize sidewall flow in unsaturated columns. Bulk density was 
calculated by dividing the total weight of dry soil added by the volume of the soil 
152 
column. Average soil bulk density within the columns was 1.4 g cm-3 with a maximum 
and minimum of 1.46 and 1.37 g cm-3, respectively (Appendix B).  
After packing, columns were saturated from the bottom with deionized (DI) water 
using a slightly pressurized glass carboy. To ensure consistent packing between columns, 
the saturated conductivity of each column was assessed, and a modified tracer test was 
conducted using a Br- conservative chemical tracer. Briefly, a constant head of DI water 
(8 cm) was established on the top of the soil surface. Once water flow from the bottom of 
column was constant, saturated hydraulic conductivity was measured by the period of 
time required for a beaker to fill with 50 mL of water; three measurements were taken for 
each column and averaged (Appendix B). Following, constant head was allowed to 
completely infiltrate and 200 mL of a 100 ppm Br- solution was added. Once the solution 
completely infiltrated, the 8 cm head of DI water was reestablished. Water was sampled 
in 200 mL increments for a total of 2000 mL for each column. Br- concentration was 
assessed in the ten volumes of water and plotted (Appendix C). The columns were 
allowed to freely drain for six days prior to the start of the experiment. 
All column incubations took place in a dark growth chamber maintained at 22 °C 
with 60% humidity. Six treatments with four replicates (24 total columns) were assessed 
in a completely randomized block design. The treatments were woody biomass (WB), 
woody biomass mixed with a single rate of inorganic N (WBLN1), woody biomass 
mixed with a double rate of inorganic N (WBLN2), woody biomass mixed with cattle 
manure (WBCM), woody biomass mixed with swine manure (WBSM), and a control 
(CONT) with no amendment. The application rate of woody biomass, 16.8 Mg ha-1, was 
designed to match the rate applied to the complementary field experiment associated with 
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this project. Treatments WB, WBLN1, and WBLN2 all had the same rate of woodchips. 
For WBLN1 and WBLN2, urea ammonium nitrate (UAN) (30-0-0) was applied to the 
woodchips to provide 28 and 56 kg N ha-1, respectively. For the field trial, WBCM and 
WBSM were applied on a volume basis (50% manure and 50% woodchips) since this 
application method was utilized for this experiment. Treatments were sent to a 
commercial lab for chemical analysis of C and N constituents, pH, and dry weight (Table 
4.1). To more accurately measure nutrient and mass losses, treatments were placed inside 
mesh bags made from a fiberglass screen and placed on the soil surface inside each 
column. The control columns contained empty mesh bags. 
The experiment began on June 19 of 2018 and ran until September 12 for a total 
of 85 days (13 weeks). Treatments were applied and the first irrigation event immediately 
followed. Columns were loosely covered with tin foil between irrigation events to limit 
evaporation. The experiment was conducted in two phases. During the first phase, 400 
mL of DI water were applied to the top of each column weekly for four weeks. This 
volume was chosen because it coincides with the approximate weekly depth of irrigation 
applied to the field study (5 cm). Phase two started in week five with simulated weekly 
fertigation. Both UAN and Br- (as a conservative tracer) were added to the DI water at 40 
ppm TN and 8.2 ppm, respectively. Analysis of Br- concentration in the leachate 
indicated that there was a two week lag for the irrigation water to move through the 
column. During the final two weeks of the experiment, DI water with no amendments 
was utilized to completely leach any remaining NO3-N and Br
- from the columns.  
Leachate Analysis 
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Columns were irrigated weekly and leachate was collected for 24 hours after the 
irrigation event in glass beakers. After measuring the water volumes using a graduated 
cylinder, each water sample was split – one subsample acidified with H2SO4 to pH 2 and 
the other untreated. Both sets were stored in the dark at 4 °C analyzed for TN, NO3-N, 
NH4-N, and TOC. Leachate was analyzed immediately for EC and pH using an Accumet 
AP85 meter while Br- concentrations were analyzed using an Orion 140 conductivity 
meter. Samples of weekly irrigation water were analyzed similarly. Analyses of TN and 
TOC were conducted on non-acidified samples while the acidified samples were 
analyzed for NO3-N and NH4-N within two weeks of collection.  
Greenhouse Gas Analysis 
Greenhouse gas (GHG) emissions from the top of the columns was measured over 
the course of the soil column incubation using vented, static flux chambers (Parkin and 
Venterea, 2010). Chambers were created from PVC caps that were fitted over each soil 
column at the time of sampling. Each cap had two 1.25 cm holes drilled into it; one on 
the top and one on the side (Figure 4.1). The top hole was fitted with a threaded brass 
hose barb equipped with a rubber septa and an O ring to prevent air leakage. The rubber 
septa allowed for a syringe to be used for gas collection. Approximately 15 cm of 
polyethylene tubing was inserted into the other hole so that 1 cm was overhanging on the 
outside of the cap and secured with silicone caulk. The rest of the tubing was wound 
inside the top of the cap and prevented excessive pressure changes above the soil column 
when the headspace was sampled. The total headspace of the cap was 475 cm3 and the 
headspace of each column was determined by lining the soil surface with plastic and 
measuring the volume of water that could be held. 
155 
Greenhouse gas samples were collected daily during the first week of the 
experiment and one, three, and seven days after each irrigation event thereafter. For each 
sampling time, caps were placed onto the top of the column. A 30-mL syringe was used 
to remove 15 mL of gas from the rubber septa and replaced to thoroughly mix headspace 
gases. Then, 25 mL of gas were sampled and placed in an evacuated glass bottle. 
Headspace gases were sampled three times after capping to calculate gas flux: 0, 10, and 
20 minutes. After the last gas sample was collected at 20 min, caps were removed to 
prevent anoxic conditions. Samples were analyzed for CO2, CH4, and N2O using a Scion 
456-GC gas chromatograph (Bruker, Billerica, MA) equipped with TCD, FID, and ECD 
(REF). 
Nutrient Retention Analysis 
At the conclusion of the experiment, soil columns were destructively sampled to 
assess soil nutrient content. Soil was sampled at four depth increments: 0-10, 10-20, 20-
30, and 30-40 cm for analyses of pH, EC, NO3-N, NH4-N, TOC, TC, and TN. Depths 
were composited for analyses of microbial respiration and microbially available C and N. 
Soil water content was determined gravimetrically for each depth by drying at 105 °C for 
48 h.  
Statistical Analysis 
Statistical analyses were conducted using Statistical Analysis System software 
(version 9.4 SAS 2011). To compare initial and final treatment nutrient concentration 
confidence intervals were constructed using the four replicates of each treatment and 
comparing them to initial nutrient content since only one subsample was used to 
characterize each treatment. The generalized linear mixed model (GLIMMIX) procedure 
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was used to analyze treatment effects for repeated measurements on the GHG fluxes and 
leachate nutrient concentrations. Covariate structure was modeled to achieve the lowest 
Akaike Information Criteria (AIC) value. Several structures were tested and an 
Unstructured covariate structure and an Ante-dependence covariate structure had the 
lowest AIC’s for leachate concentrations and GHG fluxes, respectively. Proc GLIMMIX 
was also utilized to analyze treatment effects on cumulative nutrient losses in gases and 
leachate, soil chemical and biological properties, ending treatment nutrient content, and 
differences in treatment dry matter between the beginning and end of the experiment. All 
means were separated using a least significant difference (LSD) test at the 0.05 level 
(LSD0.05). 
Results 
Organic Amendment Characteristics 
Changes in dry matter mass differed (p<0.05) between treatments (Table 4.2). The 
WBSM amendment had the greatest mass reduction relative to the other amendments, 
losing 27.3% of initial mass. WB and WBCM lost the next highest amounts with 3.9% 
and 0.5%, respectively. Both WBLN1 and WBLN2 net increases in amendment mass 
over the course of the study, gaining 13% and 22%, respectively, over initial amendment 
mass. There were no differences (p>0.05) in ending organic amendment dry matter 
percent (DM) (Table 4.2). Average DM for all amendments was 53.1%.  
Nitrogen concentrations for all N species differed (p<0.05) among organic 
amendments (Table 4.2). For both TN and ON, WBCM had twice the amount as 
WBLN1. Nitrate-N concentrations ranged from 0.005% in WBSM to 0.003% in both WB 
and WBLN1, respectively (Table 4.2). Final C concentration and C:N ratios of the 
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organic amendments also differed (p<0.05) (Table 4.2). Total N concentration and OC 
concentration of the organic amendment was the least in WBCM relative to the others. 
Organic C concentration was also low in WB relative to WBLN1, WBLN2, and WBSM. 
For the total C:N and organic C:N ratios in the organic amendments, WBLN1 was the 
greatest and WBCM was the smallest. WB, WBLN1, and WBLN2 did not differ from 
one another for either ratio. 
Leachate Volume and Quality 
Treatment did not affect (p>0.05) weekly leachate volumes (Table 4.3). Time was 
significant (p<0.05), however. Leachate volumes were lowest the first week with average 
volumes of 330 mL (Figure 4.2). Weekly leachate volumes ranged from 370 mL (week 
12) to 355 mL (week 9) with an average volume of 365 mL. For most of the experiment, 
approximately 90% of the irrigation volume was leached from the columns within 24 
hours. 
While treatment had no effect on leachate pH, treatment effect on leachate EC 
was significant (p<0.05) (Table 4.3). For pH, there was a significant treatment x week 
interaction (Figure 4.3). The lowest pH occurred in week 1 (7.25) and increased until 
reaching a maximum in week 5 (7.99) before decreasing steadily until the end of the 
experiment. For EC, WBSM was significantly greater than WBLN1, WB, and CONT, 
with increases of 23%, 30%, and 42%, respectively (Figure 4.4). Leachate EC ranged 630 
µS from WBSM to 444 µS from CONT. Week 3 had the greatest average leachate EC 
(652 µS) while the lowest average EC occurred in week 6 (424 µS). There was no 
treatment*week effect for leachate EC. 
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Nitrate-N concentrations were not affected (p<0.05) by treatment nor was there a 
treatment*week interaction (Table 4.3; Figure 4.5). However, time was significant 
(p<0.05). The lowest average NO3-N concentrations occurred in week 1 (1 ppm) while 
the greatest average concentration occurred in week 13 (45 ppm). Cumulative NO3-N 
load losses did not differ between treatments over any time (Table 4.4). Over the 13 week 
experiment, columns lost an average of 82 mg of NO3-N with 83% of the total load 
leached in the post-fertigation period (weeks 7-13). Finally, there were also no treatment 
significant differences between the ratios of NO3-N concentration to Br
- concentration 
nor was there a treatment*week interaction (Table 4.3). The ratio of NO3-N to Br
- was 
lowest in the leachate in week 7 (1.3) and steadily increased until reaching its peak in 
week 13 (3.2) (Figure 4.6).  
There are two distinct phases visible in Figure 4.5. Nitrate-N concentration 
initially peaked in weeks 2 and 3 before decreasing through weeks 4 through 6. Then, 
beginning in week 7 NO3-N concentration steadily increased through the end of the 
experiment. The increase in NO3-N concentration beginning in week 7 corresponds with 
when NO3-N begins to leach from the first fertigation event in week 5. Average NO3-N 
concentration of the irrigation water in weeks 5 through 11 was 17 ppm. Beginning in 
week 8, average NO3-N concentrations in the leachate were greater than average 
irrigation water concentrations.  
Ammonium-N concentrations did not differ between treatments nor was there a 
treatment* week interaction (Table 4.3). However, weekly average NH4-N concentrations 
varied (Figure 4.7). Ammonium-N concentrations were lowest in weeks 1 and 2 (7 and 8 
ppm, respectively) and greatest in weeks 3 and 4 (20 and 21 ppm, respectively). Average 
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concentrations peaked in weeks 3 and 4 and steadily decreased throughout the rest of the 
study. Ammonium-N concentrations were not impacted by fertigation. Differences were 
not observed in cumulative NH4-N leached during any time period (Table 4.4). On 
average, each column lost 70 mg of NH4-N; 51% of the total was leached in the pre-
fertigation period (weeks 1-6). The average concentration of NH4-N in the irrigation 
water was 19 ppm, and the leachate concentration never exceeded this after fertigation 
began.  
As with NH4-N and NO3-N concentrations, TN concentrations did not differ 
(p>0.05) among treatments nor was there a treatment*week interaction (Table 4.3). 
Weekly concentration of TN was variable, however (Figure 4.8). Total N concentration 
was lowest in week 1 (12 ppm) and greatest in week 12 (51 ppm). Concentrations 
increased until week 3 (37 ppm) and then decreased through week 6 (18 ppm). Beginning 
in week 7, TN concentrations increased steadily until week 12 and then decreased slightly 
in the final week to 29 ppm. In the first 8 weeks of the experiment, TN was primarily 
driven by NH4-N, but after this, NO3-N composed over 50% of leachate TN. There were 
no cumulative TN load loss differences (p<0.05) among treatments for any time period 
(Table 4.4). On average, 152 mg TN was leached for each column with 66% leaching in 
the post-fertigation period. 
Total organic C concentrations only varied by week (Table 4.3). The greatest 
TOC concentrations in the leachate occurred in week 2 (154 ppm) while the lowest TOC 
concentration occurred in week 13 (48 ppm) (Figure 4.9). After peaking in week 2, TOC 
decreased through week 4 (101 ppm) before increasing again in week 5 (125 ppm). Total 
organic C steadily decreased throughout the rest of the experiment. There were no 
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differences in cumulative TOC load during any time period (Table 4.4). In total, 414 mg 
TOC was leached per column with 65% being lost in the first 6 weeks of the study.  
Greenhouse Gas Emissions 
Fluxes of CO2-C were differed (p<0.05) among treatments and across time (Table 
4.5; Figure 4.10). WBSM had the greatest average CO2-C flux (120 mg C m
-2 hr-1) while 
CONT had the lowest (54 mg C m-2 hr-1). All treatments except WBLN2 had greater 
CO2-C fluxes relative to CONT. Differences relative to CONT ranged from 128% for 
WBSM to 26% for WB. The greatest average CO2-C flux occurred the first day (147 mg 
C m-2 hr-1) while the smallest occurred on the final day of the experiment (47 mg C m-2 
hr-1). In general, the average CO2-C fluxes decreased over the course of the study. For 
most of the treatments, there were slight but non-significant increases in CO2-C fluxes 
after irrigation events (Figure 4.10). Initially, WBSM had greater fluxes relative to the 
other treatments. However, beginning at day 28, WBCM had the greatest CO2-C fluxes; 
day 28 was also the day that fertigation was initiated.  
Cumulative CO2-C emissions differed (p<0.05) between treatments (Table 4.5). 
Over the course of the experiment, WBSM emitted 207.0 g CO2-C m
-2 while CONT 
emitted 103.4 g CO2-C m
-2. Relative to CONT, CO2-C emissions from WBSM, WBCM, 
and WBLN1 were 100%, 76%, and 48% greater, respectively. During the pre-fertigation 
period (weeks 1-4), WBSM emitted significantly more CO2-C relative to the other 
treatments; WBSM emitted 50% of its total CO2-C while the other treatments emitted 
between 34% and 35%. For the last nine weeks of the study (fertigation and post-
fertigation), WBCM, WBSM, and WBLN1 all emitted more than CONT.  
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Methane fluxes did not differ (p>0.05) between treatments (Table 4.5). Time was 
a significant factor, however. The greatest average CH4-C flux occurred on day 10 (48 µg 
C m-2 hr-1) while the lowest average flux occurred on day 17 (7.4 µg C m-2 hr-1) (Figure 
4.11). In general, there were no distinct trends in CH4-C fluxes during the course of the 
experiment as fluxes stayed relatively constant throughout. There were also no 
differences in the cumulative CH4-C emissions during the experiment (Table 4.5). On 
average, all treatments emitted 41.2 mg CH4-C m
-2. 
Treatment, time, and treatment*time all significantly (p<0.05) affected NO2-N 
fluxes (Table 4.5). WBSM had the greatest flux (368 µg NO2-N m
-2 hr-1) and WBLN2 
had the smallest average flux (196 µg NO2-N m
-2 hr-1). These were the only two 
treatments that significantly differed (p<0.05); the flux from WBSM was 88% greater 
than the average flux from WBLN2. The greatest average NO2-N flux occurred on day 49 
(692 µg N m-2 hr-1) while the smallest occurred on day 22 (50 µg N m-2 hr-1) (Figure 
4.12). After day 35, NO2-N fluxes decreased immediately after irrigation and steadily 
increased until the next irrigation event. There were no differences (p>0.05) in 
cumulative NO2-N emissions for the entire experiment (Table 4.5). On average, columns 
emitted 570 mg NO2-N m
-2. During the first four weeks (pre-fertigation), cumulative 
NO2-N emissions differed (p<0.05) between treatments. Relative CONT, WBSM emitted 
170% more NO2-N. 
Nutrient Retention and Biological Properties 
Treatment did not affect (p<0.05) soil moisture, pH, or EC (Table 4.6). All three 
properties differed (p<0.05) by depth, though. For soil moisture, the top depth (0-10 cm) 
was significantly drier than deeper depths. The top depth had an average moisture of 
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13.8% while all other depths averaged 20.0%. Both pH and EC were lowest in the top 
depth and greatest in the bottom. Additionally, pH had a significant (p<0.05) 
treatment*depth interaction. At the 0-10 cm depth, WBLN1 and WBCM had a greater pH 
than WBLN2 while WBSM was significantly lower than WBLN2. At the 10-20 cm 
depth, WBCM had a significantly smaller pH than WBLN2. 
Soil TN did not differ (p>0.05) in any factor but soil NO3-N had significant 
(p<0.05) treatment, depth, and treatment*depth factors (Table 4.6). Soil NO3-N 
concentrations were greater under WBCM and WBSM relative to WB. As with pH and 
EC, soil NO3-N was lowest in the top depth and increased as depth increased. The 30-40 
cm depth had an NO3-N concentration three times greater than the 0-10 cm depth. At the 
20-30 and 30-40 cm depths, soil NO3-N concentrations under WBSM and WBCM were 
greater than WB.  At these two depths, WBSM was also greater than WBLN2. 
Additionally, at the 30-40 cm depth, WBLN1, WBCM, and WBSM all had greater NO3-
N concentrations relative to CONT and WBCM and WBLN1 had greater concentrations 
than WBLN2. Ammonium-N concentrations only differed with depth (p<0.05); the 
bottom depth had a significantly higher concentration than the top three depths. 
Total soil C concentration did not differ (p>0.05) among treatments (Table 4.6). 
At the end of the study, average soil TC was 0.71%. Soil TC concentrations did differ by 
depth, however. The depths 0-10 and 10-20 cm had significantly greater concentrations 
than the 30-40 cm depth. Total C concentrations in the top 20 cm of the columns were 
8% greater than the 30-40 cm depth.  For TOC concentrations, there were no significant 
(p>0.05) factors. Average TOC at the end of the experiment was 0.70%. Thus, the 
majority of C in the columns was organic C. 
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Biological properties related to C and N did not differ (p<0.05) among treatments 
(Table 4.7). Average microbial respiration for all treatments was 13.8 ppm C. The 
average water extracted TN and organic N was 10.5 and 5.1 ppm N, respectively, while 
the water extracted TC was 63.4 ppm C. These values represent the amount of C and N 
available to microbes. The microbial active C, which is the amount of water extracted C 
that was acted upon by microbes, was an average of 21.7%. Finally, the organic C to 
organic N ratio was 12.8 while the organic N to inorganic N ratio was 0.92. 
Carbon and Nitrogen Balance 
The fate of output C and N were calculated as a percentage of total C or N applied 
to determine C and N balances (Figure 4.13). The mass of C and N was calculated for the 
leachate, emissions, and what was retained in the treatment or soil. Then, each 
component was calculated as a percentage of total input C or N. Calculated TC ranged 
from 32.4 g in CONT to 40.2 g in WBLN2, but there were no differences (p>0.05) in the 
total mass of C (data not shown). Most of the C lost from the columns was emitted as a 
GHG; WBSM and WBCM emitted 4.4% and 3.9% of applied C, respectively (Figure 
4.14). Further, WBLN1 emitted 3.2% of applied C and the other three treatments ranged 
between 2.5% and 2.7%. All treatments leached approximately 1.0% of applied C. The 
majority of total C was retained in the soil and organic amendments and ranged from 
81% to 96% for CONT and WB, respectively. Calculated TN ranged from 3.0 to 3.4 g in 
CONT and WBSM treatments, respectively. Similar to TC, there were no differences 
(p>0.05) among treatments in the calculated TN. Emissions of N accounted for less than 
0.2% of applied N and was a small contribution to total N lost during the study (Figure 
4.15). Leached N accounted for much more of N loss. Leached N relative to applied N 
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ranged from 3.0% to 5.9% for WBCM and WBSM, respectively. The soil and organic 
amendments accounted for most of the total retained N at over 90%. 
Discussion 
For this experimental setup, dry packing proved to the be best method for 
producing homogeneous soil columns (Appendix B and C) (Lewis and Sjöstrom, 2010). 
Both wet packing and settling methods were attempted but were not conducive with this 
soil type due to silt and clay content. The finer soil particles settled slowly and created 
semi-impermeable layers that impeded water flow. Additionally, the design of the 
columns allowed for soil to be saturated from the bottom without using any specialized 
equipment. Br- was successfully used to characterize flow to assess homogeneity of 
column packing. However, the large soil column may have benefitted from collecting 
smaller water volumes, between 0.5 and 1.0 PV, to better characterize peak Br- 
concentration (Appendix C). Br- as a tracer was also essential in identifying residence 
time of fertigation water to move through the unsaturated soil column and assist in 
separating the pre-fertigation period from the fertigation period. 
The majority of the amendment mass lost from WBSM was probably due to the 
swine slurry leaching out of the mesh bag where the treatments were contained (Table 
4.2). The gain in amendment mass in WBLN2 was likely due to soil mixing with the 
treatment within the mesh bag. The mesh bags from the control columns all increased by 
a slightly more than three grams due to erosion caused when irrigation water was applied 
to the columns. However, since mulch has been shown to reduce water erosion by 
decreasing runoff and protecting the soil surface, three grams was not subtracted from the 
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other treatments since the treatments likely had less soil gain within the mesh bag than 
the control (Jordán et al., 2010; Rees et al., 2002). 
Surface-applied woodchips did not affect N concentration or cumulative N losses 
in the leachate (Table 4.4). Even though four of the five woody biomass amendments had 
more initial N applied than WB and CONT, leachate NO3-N concentrations during the 
pre-fertigation period were not affected. This was likely because the rate of N applied 
was low and the majority of applied N was in organic form not NO3-N. When Miller et 
al. (2013) compared the effect of 13 years of either inorganic N or manure mixed with 
woodchip bedding, they found no difference in the total load loss of NO3-N even though 
the woodchip treatment contained twice as much NO3-N. Nitrate concentrations for the 
woodchip and manure treatment in the study conducted by Miller et al. (2013) was 
0.044%, which was comparable to NO3-N concentrations presented here. 
Additionally, there were no differences in N2O-N emissions between the 
treatments during the course of the experiment that would indicate increased 
denitrification under the woodchip treatments (Table 4.5). In fact, the temporal dynamics 
of the N2O-N emissions indicate that nitrification was more dominate than denitrification 
(Figure 4.12). Beginning in week 6, N2O-N emissions were greatest when the soil was 
driest (Figure 4.12). If denitrification was dominate, N2O-N emissions would be higher 
after fertigation and decrease as the soil dried. According to Robertson and Groffman 
(2015), nitrification is driven by two main factors: the size of the ammonia pool and 
oxygen. Since the soil columns were fallow, the ammonia pool was relatively large and 
microbes did not have competition by plants. The decrease in leachate NH4-N 
concentration and increase in the leachate NO3-N concentrations support this (Figure 4.5 
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and Figure 4.7). Oxygen was not limiting in the columns. The water filled pore space 
before irrigation was between 50% and 65%, which has the greatest potential for 
nitrification by microbes (Robertson and Groffman, 2015). Under these conditions, 
nitrification dominates N2O-N emissions (Wrage-Mönnig et al., 2018). 
Bromide has previously been used as a conservative tracer in soil leaching 
experiments to assess the fate and transport of NO3-N (e.g. Nelson et al., 1995; Clay et 
al., 2004; Meisinger et al., 2015). The use of Br- as a tracer in this study provided further 
evidence of nitrification (Figure 4.6). The lack of differences between treatment NO3-
N:Br- rations indicate no differnces in NO3-N fate and transport within the columns. As 
the experiment progressed, however, the ratio of NO3-N:Br
- increased above the ratio of 
the irrigation water. If denitrification had been the more dominate process, the ratio of 
NO3-N:Br
- would have been less than the ratio in the irrigation water (Nelson et al., 
1995). 
The lack of differences in TOC concentrations among treatments conflicts with 
results from several other leaching studies (Table 4.3) (Adeli et al., 2017; Jiao et al., 
2004; Miller et al., 2013). In their study, Miller et al. (2013) compared leachate TOC 
concentrations and TOC mass loss between soils amended with woodchips mixed with 
manure and those fertilized with inorganic N and found that TOC concentration was 4 
and 6.5 times greater, respectively, in the amended soil. Additionally, both Adeli et al. 
(2017) and Jiao et al. (2004) reported similar findings; soils amended with manure 
increased dissolved organic C loads when compared to either no fertilizer or inorganic 
fertilizer soil amendments. However, these three studies all utilized intact soil columns 
rather than packed ones. Additionally, two of the three studies assessed the impact of 
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multiple years of the management practice rather than imposing the treatments on 
homogenous columns (Jiao et al., 2004; Miller et al., 2013). Furthermore, when 
comparing this study to that of Adeli et al. (2017), the soil used here had a much higher 
TC concentration. Thus, the woody biomass treatments likely did not contribute 
significant amounts of TC to the leachate due to high soil TC concentration and short 
experimental time. 
Previous research has indicated that the application of woodchips does not affect 
CO2 emissions (Z. Li et al., 2018; Tiquia et al., 2002). In this study, all treatments except 
WBLN2 significantly increased CO2-C flux (Table 4.5). The greater initial CO2-C losses 
in the beginning by WBSM indicates that the organic material was initially more 
available to microbes than the other treatments. The C in WBCM likely became more 
available to microbial action as the experiment progressed due to mineralization 
(Thangarajan et al., 2013). Other studies demonstrate that manures increase CO2-C 
emissions compared to non-manured soils but that the increase in emissions is short-lived 
(Aita et al., 2012; Ellert and Janzen, 2008). 
Both CH4 and N2O are powerful greenhouse gases. Animal manures have been 
shown to increase CH4-C emissions soon after application, but emissions are short-lived 
so long as the system is allowed to become aerobic (Thangarajan et al., 2013). Other 
studies have demonstrated manure applications do not significantly affect CH4-C 
emissions (Ellert and Janzen, 2008; Zhou et al., 2014).  Since treatments were surface 
applied in this study, there were no significant differences in CH4-C emissions observed 
(Table 4.5). The results from this study conflict with this previous research, which 
concluded that surface applied woodchips mixed with manure or inorganic N reduced 
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N2O emissions (Fentabil, Nichol, Neilsen, et al., 2016). It is likely that WBSM had higher 
nitrification in the amendment in the beginning of the study due to high initial NH4-N 
concentrations and low NO3-N concentrations (Table 4.1). This led to higher N2O-N 
emissions at the beginning of the study. 
To calculate C and N balances, all inputs and outputs were analyzed for nutrient 
content (Figure 4.13). All types of samples except GHG samples had TOC evaluated 
while only the soil and treatments had TC assessed. For N, all samples except GHG 
samples were analyzed for TN, NO3-N, and NH4-N concentrations. Only organic 
amendments were assessed for organic N. Specifically, for C, total output was, on 
average, 15% greater than the total inputs. Total inorganic C (TIC) was not accounted for 
in the leachate or irrigation water, and TIC has been shown to make up the majority of C 
in leachate (Murnane et al., 2018). Further, the majority of the dissolved inorganic C 
introduced into the column in the irrigation water would have been emitted as CO2, 
which was a measured output (Plummer et al., 2004; Thaysen et al., 2014). Thus, TIC 
was estimated in the nutrient balance using the difference between measured inputs and 
outputs. Bradley et al. (2015) used similar methods to account for missing elements in 
nutrient balances. The inputs and outputs for N were closer to balancing. On average, 
99% of the inputs were accounted for as outputs. This was likely because all sample types 
had TN analyzed except GHG, which accounted for a very small amount of N. 
Additionally, the 1% of N not accounted for as an output was likely either emitted as N2 
(total denitrification), which is 2-3 times greater than N2O-N, or NH3-N (Spiehs et al., 
2016; Wang et al., 2011). 
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High C:N ratios, such as hardwoods, pose a risk for N immobilization in the soil 
(Miller et al., 2010). The lack of differences in the C:N ratios  of woody biomass applied 
at three rates of inorganic N (0, 28, and 56 kg N ha-1) indicates that the N added with the 
treatment was not enough to reduce the C:N ratio. In this experiment, there was no 
evidence of N immobilization due to the high C:N ratios of most of the organic 
amendments. This was likely because woody biomass was surface-applied. Li et al. 
(2018) showed surface-applied mulch did not immobilize N but incorporated mulch did 
relative to non-amended soil. 
The laboratory column study provided several novel insights into C and N 
processes. First, this experiment combined a column study and microcosm to calculate 
nutrient mass balances. Although a few previous studies have coupled field and 
laboratory experiments to better understand C and N transformations and movement in 
soils (Angst et al., 2013; Mukherjee et al., 2014; Muñoz-Leoz et al., 2011; Murnane et 
al., 2018), this study used relatively large soil columns to assess C and N fate through 
GHG, soil, and leachate measurements. However, by combining these two experiments 
unique insights into N and C dynamics can be made, such as the evidence for nitrification 
in the columns. Furthermore, this research also helped confirm, especially in the pre-
fertigation period, what is occurring in a complementary field experiment. The cost and 
time requirements for high-intensity greenhouse gas sampling and the collection of 
leachate samples for the field experiment would have been inhibitory. 
As a result of this study, future research should be conducted utilizing the same 
column design but should include vegetation in a rain-proof greenhouse to account for 
macrophyte uptake and photosynthetic processes. This setup would more closely 
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correlate to field research but continue to control all C and N inputs and losses. By 
including vegetation, nitrification would be expected to decrease due to increased 
competition for NH4 between macrophytes and microbes. Further, this would expand the 
assessment organic amendment effect on soil and water pH, NO3-N, and NH4-N in 
addition to GHG emissions. Additionally, to accurately calculate nutrient mass balances, 
the same nutrient species should be measured with the inclusion of TIC. 
Conclusions 
This research provided data that supports a complementary field study and 
demonstrated that woody biomass can be utilized as a useful soil amendment. There was 
no evidence of N immobilization or denitrification, which is likely due to sufficient 
oxygenation at the soil surface where the amendments were applied. Further, since only a 
small proportion of N was applied with the organic amendments, initial N leaching was 
not substantial (pre-fertigation period). However, since there were no differences between 
WB, WBLN1, and WBLN2 in leachate quality in the pre-fertigation time period, it’s 
likely not necessary to add inorganic N to the woodchips for crop usage prior to 
fertigation. This is further supported by the lack of differences in initial C:N ratios of 
these three treatments.  
Further, surface application of woody biomass did not affect N2O-N and CH4-C 
emissions and could provide a usage for raw woodchips rather than further processing 
them to create biochar, which is another organic soil amendment. Utilizing raw 
woodchips could be a viable option for agricultural producers where there is a need for 
forest management, such as in Nebraska. There could be fewer barriers associated with 
woodchip usage than biochar due to since biomass could be utilized closer to where it 
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was created without additional specialized equipment or transportation. Further, 
utilization of woody biomass with livestock manure could be a viable option in no-till 
systems where amendments are not incorporated. WBCM and WBSM significantly 
increased CO2-C emissions, but this was likely due to the manure rather than the woody 
biomass. 
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Figure 4.1. Schematic drawing of column design. 
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Figure 4.2. Average weekly leachate volume (mL) with standard error bars for 
woody biomass treatments; CON=control; WB= woody biomass; WBCM= woody 
biomass co-mingled with cattle manure; WBLN1= woody biomass co-mingled with 
28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 
via inorganic N; WBSM= woody biomass co-mingled with swine manure.  
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Figure 4.3. Average weekly leachate pH with standard error bars for woody 
biomass treatments; CON=control; WB= woody biomass; WBCM= woody biomass 
co-mingled with cattle manure; WBLN1= woody biomass co-mingled with 28 kg N 
ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 via 
inorganic N; WBSM= woody biomass co-mingled with swine manure.  
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Figure 4.4. Average weekly leachate electrical conductivity (EC) with standard 
error bars for woody biomass treatments; CON=control; WB= woody biomass; 
WBCM= woody biomass co-mingled with cattle manure; WBLN1= woody biomass 
co-mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled 
with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with swine 
manure.  
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Figure 4.5. Average weekly leachate nitrate (NO3-N) concentration with standard 
error bars for woody biomass treatments; CON=control; WB= woody biomass; 
WBCM= woody biomass co-mingled with cattle manure; WBLN1= woody biomass 
co-mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled 
with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with swine 
manure.  
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Figure 4.6. Average weekly ratio of nitrate (NO3-N) to bromide (Br-) concentrations 
in leachate with standard error bars for woody biomass treatments; CON=control; 
WB= woody biomass; WBCM= woody biomass co-mingled with cattle manure; 
WBLN1= woody biomass co-mingled with 28 kg N ha-1 via inorganic N; WBLN1= 
woody biomass co-mingled with 56 kg N ha-1 via inorganic N; WBSM= woody 
biomass co-mingled with swine manure; Dotted line (irrigation) indicates the ratio 
of NO3-N to Br- in the irrigation water added weekly to soil columns. 
 
185 
 
Figure 4.7. Average weekly leachate ammonium (NH4-N) concentrations with 
standard error bars for woody biomass treatments; CON=control; WB= woody 
biomass; WBCM= woody biomass co-mingled with cattle manure; WBLN1= woody 
biomass co-mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-
mingled with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with 
swine manure.  
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Figure 4.8. Average weekly total nitrogen (TN) concentrations with standard error 
bars for woody biomass treatments; CON=control; WB= woody biomass; WBCM= 
woody biomass co-mingled with cattle manure; WBLN1= woody biomass co-
mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled 
with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with swine 
manure.  
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Figure 4.9. Average weekly total organic carbon (TOC) concentrations with 
standard error bars for woody biomass treatments; CON=control; WB= woody 
biomass; WBCM= woody biomass co-mingled with cattle manure; WBLN1= woody 
biomass co-mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-
mingled with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with 
swine manure.  
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Figure 4.10. Average daily carbon dioxide (CO2-C) fluxes with standard error bars 
for woody biomass treatments; CON=control; WB= woody biomass; WBCM= 
woody biomass co-mingled with cattle manure; WBLN1= woody biomass co-
mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled 
with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with swine 
manure.  
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Figure 4.11. Average daily methane (CH4-C) fluxes with standard error bars for 
woody biomass treatments; CON=control; WB= woody biomass; WBCM= woody 
biomass co-mingled with cattle manure; WBLN1= woody biomass co-mingled with 
28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 
via inorganic N; WBSM= woody biomass co-mingled with swine manure.  
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Figure 4.12. Average daily nitrous oxide (N2O-N) fluxes with standard error bars 
for woody biomass treatments; CON=control; WB= woody biomass; WBCM= 
woody biomass co-mingled with cattle manure; WBLN1= woody biomass co-
mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled 
with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with swine 
manure.  
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Figure 4.13. Illustration of carbon and nitrogen species measured during the experiment.  
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Figure 4.14. Percent of added carbon that was emitted, leached, retained in the 
amendment, and retained in the soil (remainder of C fraction up to 100%) for 
woody biomass treatments; CON=control; WB= woody biomass; WBCM= woody 
biomass co-mingled with cattle manure; WBLN1= woody biomass co-mingled with 
28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 
via inorganic N; WBSM= woody biomass co-mingled with swine manure. 
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Figure 4.15. Percent of added nitrogen that was emitted, leached, retained in the 
amendment, and retained in the soil (remainder of N fraction up to 100%) for 
woody biomass treatments; CON=control; WB= woody biomass; WBCM= woody 
biomass co-mingled with cattle manure; WBLN1= woody biomass co-mingled with 
28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 
via inorganic N; WBSM= woody biomass co-mingled with swine manure.
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Table 4.1. Average nutrient contents on a dry weight basis and application rates of woody biomass amendments and average 
chemical properties of initial soil; WB= woody biomass; WBCM= woody biomass co-mingled with cattle manure; WBLN1= 
woody biomass co-mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 via 
inorganic N; WBSM= woody biomass co-mingled with swine manure. 
  App. Rate DM pH TN ON NH4-N NO3-N TC OC Total C:N Organic C:N 
  Mg ha-1 %   % % % % % %     
Initial Soil — — 6.2 0.065 — 0.005 0.002 0.6 0.6 — — 
WB 16.8 89.5 5.6 0.330 0.32 0.014 0.000 46.8 56.0 141.7 169.0 
WBCM 39.3 79.5 7.7 0.914 0.90 0.003 0.004 11.8 13.1 12.9 14.6 
WBLN1 17.2 71.6 5.6 0.653 0.49 0.050 0.053 42.4 50.9 70.6 85.0 
WBLN2 17.5 72.5 5.1 0.729 0.45 0.082 0.099 47.2 56.2 74.9 88.7 
WBSM 47.5 19.8 5.5 1.370 1.27 0.098 0.000 46.9 52.3 34.2 38.2 
Note: DM= dry matter; TN= total nitrogen; ON= organic nitrogen; NH4-N= ammonium; NO3-N=nitrate; TC= total carbon; OC= 
organic carbon; Total C:N= total carbon to total nitrogen ratio; Organic C:N= organic carbon to organic nitrogen ratio 
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Table 4.2. Average nutrient content on a dry weight basis of woody biomass amendments at the end of the study; 
Cont=control; WB= woody biomass; WBCM= woody biomass co-mingled with cattle manure; WBLN1= woody biomass co-
mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 via inorganic N; WBSM= 
woody biomass co-mingled with swine manure.  
DM 
Diff 
DM pH Total N Organic N NH4-N NO3-N Total C Organic C Total C:N Organic C:N 
Treatment % % 
 
% % % % % % 
  
WB 3.9b 52.5 6.78b 0.388bc 0.38bc 0.006d 0.0003c 47.8a 48.2b 124.6ab 132.8ab 
WBCM 0.5bc 57.3 7.28a 0.745a 0.72a 0.022a 0.0025b 18.6b 15.5c 25.3c 21.5c 
WBLN1 -13.0cd 51.7 6.33d 0.360c 0.34c 0.013bc 0.0003c 47.9a 52.3a 133.3a 155.6a 
WBLN2 -22.0d 54.1 6.40cd 0.450bc 0.44bc 0.011c 0.0015b 46.8a 52.4a 117.5ab 144.2ab 
WBSM 27.3a 50.2 6.50c 0.560ab 0.54ab 0.015b 0.0045a 51.0a 53.1a 94.3b 105.5b 
 
P>F 
trt <0.001 0.076 <0.001 <0.001 0.007 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 
Note: DM= dry matter; TN= total nitrogen; ON= organic nitrogen; NH4-N= ammonium; NO3-N=nitrate; TC= total carbon; OC= 
organic carbon; Total C:N= total carbon to total nitrogen ratio; Organic C:N= organic carbon to organic nitrogen ratio 
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Table 4.3. Average leachate properties by treatment over the course of the 13 week 
experiment. Rows within columns not connected by the same letter are statistically 
significant (p<0.05); CON=control; WB= woody biomass; WBCM= woody biomass 
co-mingled with cattle manure; WBLN1= woody biomass co-mingled with 28 kg N 
ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 via 
inorganic N; WBSM= woody biomass co-mingled with swine manure. 
  Vol pH EC NO3-N NO3-N:Br
- NH4-N TN TOC 
  mL   µS cm-1 ppm N  ppm N ppm N ppm C 
Treatment     
 
   
CON 361.5 7.63 433.8b 8.24 0.96 15.67 23.44 91.57 
WB 362.1 7.54 483.5b 16.15 1.82 16.09 31.30 90.53 
WBCM 366.2 7.77 539.4ab 19.02 2.35 14.18 33.27 87.05 
WBLN1 361.4 7.72 512.1b 23.38 2.85 12.28 35.92 75.06 
WBLN2 365.6 7.66 539.4ab 20.57 2.04 15.45 35.89 93.21 
WBSM 370.0 7.82 629.6a 23.42 2.58 13.18 39.04 87.05 
 P > F 
trt 0.354 0.507 0.040 0.717 0.606 0.791 0.582 0.942 
week 0.019 <0.001 <0.001 0.032 <0.001 <0.001 <0.001 <0.001 
trt*week 0.253 0.162 0.052 0.135 0.232 0.138 0.062 0.113 
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Table 4.4. Average cumulative load losses of nitrate nitrogen (NO3-N), ammonium nitrogen (NH4-N), total nitrogen (TN), and 
total organic carbon (TOC) through leachate by treatment over the course of the 13 week experiment, phase 1 (weeks 1-6), and 
phase 2 (weeks 7-13); CON=control; WB= woody biomass; WBCM= woody biomass co-mingled with cattle manure; WBLN1= 
woody biomass co-mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 via 
inorganic N; WBSM= woody biomass co-mingled with swine manure. 
  Cumulative Load Phase 1 Cumulative Load Phase 2 Cumulative Load 
 NO3-N NH4-N TN TOC NO3-N NH4-N TN TOC NO3-N NH4-N TN TOC 
  mg N mg N mg N mg C mg N mg N mg N mg C mg N mg N mg N mg C 
Treatment             
CON 39.63 73.71 111.04 428.45 6.29 32.19 40.44 273.98 33.38 41.51 70.60 154.47 
WB 78.85 75.99 150.20 421.93 15.72 36.96 53.05 271.03 63.13 39.03 97.15 150.90 
WBCM 58.81 74.03 132.88 416.20 4.09 37.98 43.41 271.53 78.62 30.77 108.91 144.65 
WBLN1 100.22 58.02 161.02 359.71 9.35 31.54 42.91 237.26 95.90 25.88 122.23 119.54 
WBLN2 98.88 73.48 171.40 440.77 27.13 37.68 65.49 282.28 71.76 35.70 105.91 158.49 
WBSM 113.25 63.67 188.27 418.55 18.42 36.98 66.47 276.38 94.83 26.39 121.80 142.18 
P > F 
trt 0.688 0.803 0.531 0.905 0.615 0.422 0.279 0.933 0.509 0.656 0.494 0.641 
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Table 4.5. Average gas fluxes, cumulative gas losses, cumulative gas losses within phase 1 (weeks 1-4), and cumulative gas 
losses within phase 2 (weeks 5-13) for carbon dioxide (CO2-C), methane (CH4-C), and nitrous oxide (N2O-N). Rows within 
columns not connected by the same letter are statistically significant (p<0.05); CON=control; WB= woody biomass; WBCM= 
woody biomass co-mingled with cattle manure; WBLN1= woody biomass co-mingled with 28 kg N ha-1 via inorganic N; 
WBLN1= woody biomass co-mingled with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with swine 
manure. 
    Cumulative Flux Phase 1  Cumulative Flux Phase 2  Cumulative Flux 
 CO2-C CH4-C NO2-N CO2-C CH4-C NO2-N CO2-C CH4-C NO2-N CO2-C CH4-C NO2-N 
  g C m-2 h-1 g C m-2 h-1 g N m-2 h-1 g C m-2 g C m-2 g N m-2 g C m-2 g C m-2 g N m-2 g C m-2 g C m-2 g N m-2 
Treatment             
CON 0.054ee 3.00E-05 2.84E-04ab 103.4dd 6.69E-02 0.61 35.4d 9.09E-03 0.10bc 63.0c 5.71E-02 0.50 
WB 0.068dc 3.00E-05 2.27E-04ab 128.7cd 6.41E-02 0.43 44.8cd 8.53E-03 0.07c 78.5bc 5.47E-02 0.36 
WBCM 0.092bb 1.00E-05 3.00E-04ab 182.5ab 2.06E-02 0.55 61.9b 8.51E-03 0.12bc 112.4a 1.12E-02 0.42 
WBLN1 0.078cc 9.65E-06 3.61E-04aa 152.8bc 2.11E-02 0.66 51.8bc 8.24E-03 0.20ab 94.2ab 1.22E-02 0.46 
WBLN2 0.058de 7.55E-06 1.96E-04bb 119.7cd 4.52E-02 0.41 41.6cd 8.41E-03 0.16bc 72.5bc 3.55E-02 0.25 
WBSM 0.123aa 1.80E-05 3.68E-04aa 207.0aa 3.13E-02 0.74 103.3a 1.77E-02 0.27a 95.6ab 1.28E-02 0.45 
P > F 
trt <0.001 0.092 0.035 <0.001 0.562 0.118 <0.001 0.248 <0.001 0.014 0.433 0.281 
time <0.001 <0.001 <0.001          
trt*time <0.001 0.881 <0.001          
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Table 4.6. Average soil characteristics at the end of the experiment by treatment 
and by depth. Rows within columns not connected with the same letter are 
statistically significant (p<0.05); Cont=control; WB= woody biomass; WBCM= 
woody biomass co-mingled with cattle manure; WBLN1= woody biomass co-
mingled with 28 kg N ha-1 via inorganic N; WBLN1= woody biomass co-mingled 
with 56 kg N ha-1 via inorganic N; WBSM= woody biomass co-mingled with swine 
manure. 
 SM pH EC TN NO3-N NH4-N TC TOC 
  %   
mmho 
cm-1 ppm N ppm N ppm N % % 
Treatment         
CON 17.4 5.93 0.054 629.8 2.68abc 8.5 0.69 0.68 
WB 17.4 5.80 0.049 639.5 2.07c 6.8 0.71 0.68 
WBCM 16.8 5.83 0.060 624.8 3.36a 2.6 0.70 0.70 
WBLN1 16.8 5.69 0.057 608.4 3.27ab 1.8 0.67 0.65 
WBLN2 20.4 5.87 0.059 647.0 2.28bc 11.8 0.72 0.72 
WBSM 16.9 5.12 0.062 686.6 3.66a 2.6 0.77 0.75 
Depth         
0-10 13.8b 4.96d 0.039d 657.5 1.47d 1.3b 0.73a 0.71 
10-20 17.4a 5.60c 0.048c 643.3 2.23c 1.1b 0.72a 0.70 
20-30 19.2a 6.13b 0.063b 637.4 3.45b 4.8b 0.71ab 0.70 
30-40 20.0a 6.60a 0.078a 619.3 4.40a 15.3a 0.67b 0.68 
P > F 
trt 0.260 0.677 0.164 0.768 0.032 0.192 0.734 0.674 
depth <0.001 <0.001 <0.001 0.293 <0.001 <0.001 0.038 0.252 
trt*depth 0.840 0.012 0.294 0.800 0.023 0.139 0.628 0.436 
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Table 4.7. Average soil biological characteristics at the end of the experiment by 
treatment; CON=control; WB= woody biomass; WBCM= woody biomass co-
mingled with cattle manure; WBLN1= woody biomass co-mingled with 28 kg N ha-1 
via inorganic N; WBLN1= woody biomass co-mingled with 56 kg N ha-1 via 
inorganic N; WBSM= woody biomass co-mingled with swine manure. 
  Respiration WETN WEON WETC MAC OC:ON ON:IN 
  ppm C ppm N ppm N ppm C %     
Treatment        
CON 17.3 11.8 5.6 65.0 25.6 11.9 0.78 
WB 12.0 9.7 4.6 63.3 19.3 14.3 1.00 
WBCM 12.3 10.6 5.1 59.0 20.7 11.8 0.98 
WBLN1 11.8 9.7 5.4 66.5 18.2 12.4 1.30 
WBLN2 15.9 10.5 4.7 64.5 24.8 14.0 0.65 
WBSM 13.4 10.6 5.1 61.8 21.4 12.3 0.80 
P > F 
trt 0.385 0.167 0.546 0.878 0.506 0.136 0.123 
Note: WETN= water extracted total nitrogen; WEON= water extracted organic nitrogen; 
WETC= water extracted total carbon; MAC= microbial active carbon; OC:ON= organic 
carbon to organic nitrogen ratio; ON:IN= organic nitrogen to inorganic nitrogen ratio. 
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Abstract 
Developing and implementing best management practices are important in 
addressing environmental concerns related to agriculture. A project was initiated to 
evaluate the effect of woodchip and manure application on sandy soils in Nebraska to 
improve soil health and incentivize eastern redcedar (Juniperus virginiana L.) removal 
from rangeland. In order to assess perceptions and behaviors surrounding this novel 
conservation practice, participants were surveyed at the end of a field day in 2017. The 
objectives of this article were: 1) assess perceptions and behaviors of survey participants 
surrounding conservation practices, and 2) evaluate how results may impact future 
Extension programming efforts and education on this topic. Most participants indicated 
that increasing soil health was important to them and agreed that eastern redcedar poses a 
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risk to Nebraska Sandhill sustainability. In general, all participants increased knowledge 
surrounding soil health, eastern redcedar management, and the benefits of manure and 
woodchip utilization on cropland. However, only participants that had conducted tree 
thinning in the past were likely to conduct tree thinning again. Future programming in the 
region should build upon these results by providing more in depth content on how to 
improve soil health and reduce redcedar encroachment. Participants indicated an interest 
in these topics and continued contact with Extension education positively correlated with 
conservation practice adoption. Future programming should also incorporate research and 
information regarding financial incentives for conservation practice adoption.  
KEYWORDS: Manure management; Eastern redcedar; Conservation practices; 
Education delivery 
Introduction 
Agricultural producers are hesitant to adopt conservation practices that haven’t 
been locally optimized and demonstrated due to uncertainty of their effect (Carlisle, 
2016; Lobry de Bruyn et al., 2017; Reed, 2008). Thus, identifying and refining new 
technologies or practices for the management and conservation of agricultural cropland is 
commonly accomplished through on-farm research activities, with results subsequently 
shared among potential adopters through demonstration events. Agricultural producers 
participating in on-farm research are typically motivated by a number of factors, 
including a desire to have a positive impact on conservation of natural resources 
(Baumgart-Getz et al., 2012). Evaluation of the effectiveness of conservation practices 
are needed to foster their utilization by agricultural producers.  
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As one of the nation’s top agricultural producers, Nebraska’s crop and livestock 
producers depend on productive soil to remain profitable. The Natural Resources 
Conservation Service (NRCS) emphasizes the need to keep our soil healthy and 
productive to meet demanding food production goals (Friedman et al., 2001). 
Management practices that return and increase soil organic carbon (SOC) are vital to 
improving soil health, which is defined as the “continued capacity of the soil to function 
as a vital living ecosystem that sustains plants, animals, and humans” (Doran, 2002; 
Kibblewhite et al., 2008). One practice that increases SOC is livestock manure 
application (Edmeades, 2003; Haynes and Naidu, 1998). Ranking in the top ten for beef, 
pork, eggs, soybeans, corn, and dry beans, Nebraska is in a prime position to utilize 
manure nutrients from livestock operations for crop production. When applied at 
appropriate agronomic rates, manure also improves soil physical properties for optimal 
plant growth and increases nutrient cycling (Diacono and Montemurro, 2010; Wortmann 
and Shapiro, 2008).  
Nebraska also leads the nation in the number of eastern redcedar (Juniperus 
virginiana L.) seedlings distributed for conservation (Ganguli et al., 2008). However, 
because of its adaptability to vairous soil types and climatic conditions, the species has 
become invasive. Within 15 to 30 years of initial eastern redcedar encroachment, 
productivity of rangeland for cattle grazing decreased by 75% (Engle and Kulbeth, 1992; 
Limb et al., 2010). Once encroachment begins, landowners typically perceive the risk to 
rangeland as low and do not manage the trees until rangeland productivity ceases (Harr et 
al., 2014). The management of eastern redcedar is critical in Nebraska to prevent 
grassland from converting to a closed canopy ecosystem. 
204 
Developing a new market and raising awareness of redcedar encroachment is 
essential to incentivizing landowners to manage forest, riparian, and rangeland areas. 
Thus, a collaborative project was started in 2015 in the Nebraska Sandhills to promote 
the usage of two waste products, manure and woodchips generated from tree clearing 
activities, to improve soil health. The woodchips provide carbon, which serve as an 
energy source for the microbes within the manure. While the perception of Extension 
educators surrounding livestock waste and conservation practices has been studied 
(Camara et al., 2009; Kwaw-Mensah and Martin, 2013), the perception of 
conservationists and agricultural producers about the effect of eastern redcedar 
management and manure application on the agriculture has not been addressed. Thus, a 
field day was conducted in 2017 to raise awareness among agricultural producers and 
conservationists surrounding these practices. At the conclusion of the event, participants 
were surveyed in order to assess their perceptions and behaviors of surrounding manure 
usage and eastern redcedar management. The objectives of this article were to 1) assess 
perceptions and behaviors of survey participants surrounding the novel management 
practice, and 2) evaluate how results may impact future Extension programming efforts 
and education on this topic.  
Methods 
Survey Overview 
A post-pre hard-copy survey was given to all participants at the end of the field 
day. Survey respondents were asked to fill out a 12 question survey (Appendix D) to 
evaluate the importance of the field day and to guide future Extension programming. 
Survey questions included demographic questions, changes in knowledge gain on topics 
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presented, agreeance with statements surrounding conservation practices, and three open 
ended questions. It took approximately 10-15 minutes for respondents to fill out the 
survey. As an incentive, all participants who completed the survey were entered into a 
drawing for two $50 gift certificates. All surveys were kept anonymous; participants 
traded their completed survey for a raffle ticket. 
Field Day Description  
The event was titled “Middle Niobrara Natural Resource District Long Pine Creek 
Watershed Conservation Field Day” and was held on July 26, 2017 (Appendix E).  Field 
day participants were made aware of the field day through news releases in local 
newspapers and through the University of Nebraska-Lincoln CropWatch newsletter. The 
field day was held at a research site in the Nebraska Sandhills. Speakers at the event 
included representatives from local landowners, agribusinesses, NRCS, Nebraska 
Department of Environmental Quality, Nebraska Extension, Nebraska Forest Service, and 
the Middle Niobrara Natural Resource District (MNNRD). Session topics included the 
following: introduction to conservation efforts in the MNNRD; overview of Long Pine 
Creek impairment; value-added products from cedar tree management; manure in 
cropping systems; soil health in cropping systems; soil monitoring and instrumentation; 
soil and water conservation with cedar mulch demonstration; and local Extension 
resources. Each presentation lasted approximately 20 minutes. The objectives of the field 
day included increasing participant knowledge of forest management practices and the 
effect of conservation practices on soil health. 
Statistical Analysis  
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Statistical analyses were conducted using Statistical Analysis System software 
(SAS, version 9.4, 2011). Descriptive statistics were computed using Proc Univariate and 
included means, standard deviations, frequencies, and percent responses. Data were not 
normally distributed and were compared using non-parametric, two-related samples test 
with a Wilcoxon Signed-Ranks Test. Associations among responses were investigated by 
Spearman correlation using Proc Corr. Level of significance for all analyses was set at p 
< 0.05. 
Results 
Demographics 
Twenty-six attendees filled out the survey, which resulted in a response rate of 
60%. Sixty-five percent of survey respondents were male and 35% were female, with the 
majority being White (Not Hispanic). Approximately half of the respondents were over 
the age of 50. Majority of respondents (>60%) fell in the 30-39, 50-59, and 60-69 age 
ranges. Forty-five percent of respondents identified themselves as livestock or crop 
producers and 40% identified as conservationists; the remaining respondents identified as 
regulators or involved with other areas of agribusiness. Approximately half of the 
respondents had attended three or more Extension meetings in the previous three years, 
while 25% had never attended one. 
The respondents who identified as livestock and crop producers self-reported that 
they managed or owned a total of 9,820 acres of grazing land and 4,558 acres of crop 
land. Seventeen percent of cropland was reported as dryland acres while the remaining 
83% was irrigated. No-tillage management was practiced on 70% of cropland acres while 
18% of cropland acres utilized cover crops. Respondents reported majority of dryland 
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and cover cropped acres were managed by livestock producers. Additionally, majority of 
producers (64%) did not utilize manure in their production system, citing unavailability 
and expense as barriers. For the producers who did utilize manure, they cited advantages 
such as manure’s ability to provide multi-year nutrients, increased yield, improved soil 
quality, and lower cost compared to inorganic fertilizer. 
Knowledge Gained as a Result of the Field Day 
For all topics, survey respondents had little to some knowledge prior to the field 
day (Table 5.1). Respondents had the least amount of prior knowledge about the value of 
woodchip application to crop land and the most amount of prior knowledge about the 
impact of conservation practices on water quality. As a result of the field day, 
respondents indicated their knowledge about the role of soil productivity was the greatest 
while familiarity of cost share programs from the NRCS and NFS was the least. For 
every topic, respondents reported significant knowledge gains after the field day (p < 
0.05). Knowledge increase was the greatest surrounding the value of woodchip 
application to crop land. 
Perceptions of Respondents Surrounding Managing Land for Conservation  
Survey respondents agreed the most with the statements that “maintaining a 
healthy and productive environment for future generations is important to me” (96% 
‘agreed’ or ‘strongly agreed’) and “managing ag land to improve soil health is important 
to me” (96% ‘agreed’ or ‘strongly agreed’) (Table 5.2). Additionally, 100% of 
participants either ‘agreed’ or ‘strongly agreed’ that conserving water is important to 
them. 
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Participants disagreed the most with the statement that “cedar tree growth does 
not impact the value or quality of grazing land” (77% ‘disagreed’ or ‘strongly 
disagreed’). However, disagreement with this statement is positive, which indicated that 
respondents understood the negative environmental impacts of eastern redcedar 
encroachment. Half of respondents either agreed or strongly agreed with the statement 
that “I am likely to conduct forest thinning activities in the next five years.” The majority 
also agreed or strongly agreed (85%) that “excess growth of cedar trees negatively 
impacts agricultural productivity and environmental sustainability in the Sandhills.” 
Respondents neither agreed nor disagreed with the statement that “I am likely to 
adopt management practices that my neighbors have adopted” (82%). Additionally, 82% 
of participants selected ‘neither’ or ‘agree’ to the statement “for me to consider tree 
management on my land, the value of woody biomass must be at least as great as the cost 
of forest thinning activities.” 
The likelihood of management practice adoption that research has shown to 
improve crop productivity was positively correlated with the number of past Extension 
events attended (r= 0.50, p<0.05) and participant age (r= 0.47, p<0.05). Additionally, the 
number of Extension events attended previously was positively correlated with agreeance 
to the statement ‘I learned something new or reaffirmed that I am doing something 
correctly during this event’ (r=0.50, p<0.01). The statement ‘I have conducted forest 
thinning activities on my land in the last five years’ was positively correlated with the 
statement ‘I am likely to conduct forest thinning activities on my land in the next five 
years’ (r=0.90, p<0.001). These two statements about thinning activities did not correlate 
with statements about the likelihood of adopting management practices that decrease 
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wildfire risks or the impact of redcedar trees on agricultural productivity or the impact of 
redcedar tree growth on grazing land productivity. 
Responses to Open-ended Questions 
Participants were asked three open-ended questions at the end of the survey. In 
response to the question ‘What did you find most valuable during this event’, 14 people 
indicated that the rainfall simulator demonstration by NRCS was the most valuable. The 
demonstration illustrated the differences in soil structure between local fields that had 
either been conventionally managed or had been under no tillage with cover crop 
utilization. Additionally, five indicated that seeing the research plots for the woody 
biomass study was the most valuable. For the question “What do you want to learn more 
about’, 10 responded they would like more information about the woody biomass 
research study. Three participants also indicated they would like more information about 
tree management and two wanted more information about soil health. Finally, in response 
to the ‘Additional Comments’ prompt, several participants indicated that they liked the 
field day format. For example, one participant responded “liked the short format [of field 
day presentations] - good to highlight all the work being done [in the watershed].” 
Discussion 
Majority of field day participants indicated that increasing soil health and 
conserving water was important to them. They also agreed that eastern redcedar poses a 
risk to the sustainability of the Nebraska Sandhills. However, only those that had done 
forest thinning activities in the past were the most likely to do them again. This could be 
due to the short format of presentations. Only 20 minutes was allotted for discussion 
surrounding cedar tree encroachment. This field day was the first outreach event hosted 
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by Nebraska Extension related to cedar tree encroachment in the area. Thus, it is likely 
that this event only raised awareness and increased knowledge surrounding the issue. 
Additional events and opportunities for participants to become involved in redcedar tree 
management may be needed to induce behavior change (Miller, 1990).  
In general, producers adopt conservation practices due to increased knowledge 
and awareness about how conservation practices will directly affect the environment and 
those that have received Extension education (Baumgart-Getz et al., 2012). However, it is 
difficult to identify a universal motivation for the adoption of conservation practices by 
producers. Lionberger (1963) identified that friends and neighbors are important sources 
of information throughout the adoption process. More recently, MacGowan et al. (2018) 
found that in-person communication with family, friends, and neighbors were the highest 
used information source types for farm management decisions followed by newsletters 
and factsheets. These sources were also the most preferred by producers. However, this 
does not seem to be the case among the participants of this event since the majority 
neither agreed nor disagreed (63%) with the statement that “I am likely to adopt 
management practices that my neighbors have adopted”. Upadhyay et al. (2003) 
described three types of motivators that explain adoption: financial, altruism, and a 
hybrid of financial and altruism. Additionally, decision-making in regards to conservation 
practice adoption is dependent upon producer characteristics, such as land tenure 
arrangements, farm size, source of income, education level, and information networks 
(Daloǧlu et al., 2014; Nowak, 1987; Upadhyay et al., 2003). Future surveys should aim to 
include questions about other potential motivators that may impact adoption behaviors.  
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Participants reacted favorably to the field day format. Even though presentations 
were short (~20 minutes), participants significantly increased their knowledge in all topic 
areas. Additionally, over half of survey respondents indicated that demonstrations were 
the most valuable. Demonstration-based education has been shown to be an effective way 
to stimulate conservation practice adoption by inducing discussion surrounding the 
practice (Smart et al., 2017). MacGowan et al. (2018) found that for producers in Indiana 
seeing the effectiveness of a conservation practice, learning from other farmers, and 
learning about the economics of practices were the most useful aspect of demonstrations. 
Future Extension programming in this area is recommended to focus more on including 
demonstrations as a way to convey information. 
The sample size of the survey response was small, which limits making 
conclusions on the effect of this program on the Sandhills ecosystem. However, this was 
the first time that this survey was utilized to assess the effectiveness of a field day. While 
most of the survey questions were answered in an intuitive manner, some questions need 
to be further refined to improve impact assessment. For example, the question which 
asked about perceptions of manure usage in cropping systems was asked in a way that 
was dependent upon whether or not the participant was a producer. To better evaluate the 
perception of manure usage, the questions about the benefits and perceived barriers for 
manure utilization should be asked of all participants and not just producers. 
Additionally, the question which asks about the occupation of the participant should be 
re-written to ask about the primary occupation. Additionally, future renditions of this 
survey should also include additional questions about primary motivators for 
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conservation adoption in order to include a broader range of reasons (Daloǧlu et al., 
2014; Nowak, 1987; Upadhyay et al., 2003). 
This survey indicated that while knowledge was gained from the field day, 
behavioral change was not induced (Table 5.1 and Table 5.2). In order to achieve greater 
knowledge gain and insight into behavioral change, continued contact with agricultural 
producers, conservationists, and landowners should be made in order to provide more 
depth to content (Miller, 1990). Programming should also do more to address multiple 
motivators. This project was initiated with two local producers in order to incite 
behavioral change among neighbors based on local research (Baumgart-Getz et al., 2012; 
Carlisle, 2016; Lobry de Bruyn et al., 2017; Reed, 2008). While this may motivate 
change in 28% of survey respondents, the other respondents would not be motivated. 
Additional research and educational outreach based on financial incentives is likely 
needed (Upadhyay et al., 2003). 
Conclusions 
The short presentation and demonstration format of this field day was effective in 
increasing participant knowledge about all topic areas surrounding soil health and 
redcedar encroachment. Most participants indicated that improving soil health was 
important to them and agreed that eastern redcedar poses a risk to Nebraska Sandhill 
sustainability. In general, all participants increased knowledge surrounding the benefits of 
manure and woodchip utilization on cropland. However, only participants that had 
conducted tree thinning in the past were likely to conduct tree thinning again. Future 
programming in the region should build upon the results by providing more in depth 
content on how to improve soil health and reduce redcedar encroachment. Participants 
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indicated an interest in these topics and continued contact with Extension education 
positively correlates with conservation practice adoption. Future programming should 
also incorporate research and information about financial incentives for conservation 
practice adoption since not all producers and landowners are motivated to adopt practices 
based on adoption by neighbors. 
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Table 5.1.  Survey results: Knowledge Level Before and After Presentations (n=26) 
 Topic Before After 
 (Mean ± SD) (Mean ± SD) 
Benefits of forest management 3.35 ± 1.26 4.04 ± 0.77 
Role of soil health in crop productivity 3.42 ± 1.03 4.35 ± 0.49 
Impact of manure on soil health 3.38 ± 1.03 4.12 ± 0.59 
Value of woodchip application to crop land 2.42 ± 1.28 4.00 ± 0.80 
Cost share programs from NRCS and NFS 3.16 ± 1.40 3.73 ± 1.12 
Impact of conservation practices on soil health 3.52 ± 1.08 4.16 ± 0.75 
Impact of conservation practices on water quality and 
quantity 3.85 ± 1.12 4.23 ± 0.82 
Note: Likert scale used for knowledge level before and after presentation topics was 
from 1= No knowledge to 5=Significant knowledge. Two-related samples test with a 
Wilcoxon Signed-Ranks Test found all means significantly different at p < 0.05 level. 
SD is standard deviation of the mean. 
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Table 5.2. Respondents' agreeance with statements surrounding conservation 
practices. 
Topic Responses 
Managing ag land to improve soil health is important to me [n=26]  4.73 ± 0.53* 
Strongly Disagree 0% 
Disagree 0% 
Neither 4% 
Agree 19% 
Strongly Agree 77% 
Thinning forests decreases wildfire risks [n=25]  4.60 ± 0.65 
Strongly Disagree 0% 
Disagree 0% 
Neither 8% 
Agree 24% 
Strongly Agree 68% 
I am likely to adopt management practices that research has shown 
improve crop productivity [n=23]  
4.09 ± 0.73 
 
Strongly Disagree 0% 
Disagree 0% 
Neither 22% 
Agree 48% 
Strongly Agree 30% 
I am likely to adopt management practices that research has shown 
decrease wildfire risks [n=23] 
4.00 ± 0.80 
 
Strongly Disagree 0% 
Disagree 0% 
Neither 30% 
Agree 39% 
Strongly Agree 30% 
Conserving water is important to me [n=26] 4.62 ± 0.50 
Strongly Disagree 0% 
Disagree 0% 
Neither 0% 
Agree 38% 
Strongly Agree 62% 
Maintaining a healthy and productive environment for future 
generations is important to me [n=25] 
4.76 ± 0.52 
 
Strongly Disagree 0% 
Disagree 0% 
Neither 4% 
Agree 16% 
Strongly Agree 80% 
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Cedar tree growth does not impact the value or quality of grazing 
land [n=26] 
1.65 ± 1.02 
 
Strongly Disagree 65% 
Disagree 12% 
Neither 15% 
Agree 8% 
Strongly Agree 0% 
I have conducted forest thinning activities on my land in the last five 
years [n=21]  
3.52 ± 1.33 
 
Strongly Disagree 14% 
Disagree 0% 
Neither 33% 
Agree 24% 
Strongly Agree 29% 
I am likely to conduct forest thinning activities on my land in the 
next five years [n=22] 
3.45 ± 1.22 
 
Strongly Disagree 9% 
Disagree 9% 
Neither 32% 
Agree 27% 
Strongly Agree 23% 
For me to consider tree management on my land, the value of woody 
biomass must be at least as great as the cost of forest thinning 
activities [n=23] 
3.18 ± 0.94 
 
Strongly Disagree 9% 
Disagree 9% 
Neither 39% 
Agree 43% 
Strongly Agree 0% 
I am likely to adopt management practices that my neighbors have 
adopted [n=22] 
3.22 ± 0.69 
 
Strongly Disagree 0% 
Disagree 9% 
Neither 64% 
Agree 23% 
Strongly Agree 5% 
I learned something new or reaffirmed that I am doing something 
correctly during this event [n=26]  
4.27 ± 0.72 
 
Strongly Disagree 0% 
Disagree 0% 
Neither 15% 
Agree 42% 
Strongly Agree 42% 
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Excess growth of cedar trees negatively impacts agricultural 
productivity and environmental sustainability in the Sandhills 
[n=26] 
4.38 ± 0.85 
Strongly Disagree 0% 
Disagree 4% 
Neither 12% 
Agree 27% 
Strongly Agree 58% 
Note: Likert-like scale used for agreeance with statements was from 1= Strongly 
Disagree to 5=Strongly Agree. 
* Reported as mean ± standard deviation of the means 
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CHAPTER 6. SUMMARY AND RECOMMENDATIONS 
Key Findings 
1. Manure and organic biosolid application improves soil health properties. 
However, the extent and timeliness of improvement is difficult to ascertain 
due to inconsistent research methodologies and lack of comprehensive studies 
that investigate all soil health indicators. 
2. Woody biomass utilized as a soil amendment has the potential to improve soil 
health by increasing soil organic C (SOC). 
3. Woody biomass co-mingled with organic or inorganic N sources did not 
increase nitrate leaching. 
4. Woody biomass applied at 17.3 Mg ha-1 or co-mingled with either swine or 
manure had the maximum soil health benefits without inhibiting crop 
production. 
5. Implementation of this novel conservation practice is likely with continued 
engagement with local stakeholders.  
Summary 
This project aimed to discover and disseminate knowledge that agricultural 
producers and landowners can use to improve the ecological systems in which they live. 
Soil conservation and quality as critical factors of agricultural system sustainability were 
addressed through research integrating crop production, livestock manure management 
and forestry management. The overall goal was to investigate a cross-cutting practice of 
utilizing eastern redcedar (Juniperus virginiana L.) biomass and livestock manures to 
improve soil health, water quality, and crop productivity. 
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The primary objectives of this work were to: 
1. Assess the current state-of-the-science on the impacts of manure on soil 
health properties and identify gaps in knowledge in order to direct future 
research and educational programs intended to demonstrate the value of 
manure to the sustainability of agricultural cropping systems. 
2. Evaluate the impact of woody biomass either alone or co-mingled with 
swine manure, cattle manure, or inorganic N on soil physical, chemical, 
and biological properties, soil moisture and temperature, and crop 
production metrics in the Nebraska Sandhills. 
3. Assess the impact of soil amendment with woody biomass and sources of 
organic and inorganic N on groundwater quality, greenhouse gas 
emissions and C and N balances in soil columns. 
4. Stimulate interest among stakeholders in building soil fertility and 
productivity through woody biomass and nutrient utilization by 
demonstrating the impacts of these innovative strategies through a field 
day. 
Chapter 2 addressed the first objective of this dissertation. Overall, manure and 
biosolid applications have the potential to improve the health of agricultural soils. These 
organic amendments add significant amounts of organic C to soil, which has positive 
effects on other soil health metrics. Bulk density and compaction are decreased and SHC 
is improved. These physical changes positively improve the plant root environment. The 
additional organic C provides food for soil biology, increasing their abundance. Nutrient 
cycling and retention can also be improved as measured by microbial respiration and 
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CEC, respectively, when applications of manure and organic biosolids are compared to 
inorganic fertilizer. Recycling of manure and organic biosolids locally prior to importing 
inorganic fertilizer has the potential to reduce nutrient imbalances and improve soil 
health. However, improvements in research methodologies needs to be improved in order 
to evaluate the effect of these organic amendments on soil health properties. 
The review identified three common types of this bias that regularly occur in 
manure and organic biosolid research related to comparison of soil health properties: 1) 
organic amendments are applied at an arbitrary rate and compared to full fertilization 
with inorganic, 2) inorganic nutrients are applied for full fertilization and manure or 
biosolids are added, and 3) manure and biosolid applications are compared to no 
fertilization at all. These biases have direct impact on the way that research studies are 
interpreted. For example, by when one treatment (inorganic or organically amended) 
contains more N, P, and K than another, comparisons on soil properties are inherently 
affected. Changes in soil N, P, K, and C cannot be directly tied to the effect of the 
amendment. Additionally, when manure and organic biosolids are applied annually to 
meet crop N requirements, soil P, K, and SOC increase. While the increase in SOC 
positively impacts soil biological and physical properties (i.e. increase in MBC and 
decrease in bulk density), the increase of P and K can negatively impact the environment. 
Thus, improvements need to be made to optimize the frequency of organic amendment 
application and balance nutrient applications when comparing amendments with 
inorganic fertilizers. 
Recycling of manure and municipal biosolids locally prior to importing inorganic 
fertilizer has the potential to reduce nutrient imbalances and improve soil health. 
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However, several knowledge gaps in the current state of science and understanding still 
exist.  
1. Soil health properties are inter-related, yet few studies have evaluated the impact of 
manure on all relevant soil health properties. While many chemical and physical 
properties have been measured and linked together, relationships including soil 
biological properties have not been well established.  
2. Many of the studies have discussed the effects of repeated manure or organic 
biosolids applications on individual soil health properties. It has been well-established 
that repeated applications of manure increase the risk of nutrient leaching and runoff, 
especially when manure is applied annually at the rate for crop N requirement. 
Therefore, future research should focus on the short- and long-term impacts of a 
single application of manure or biosolids to support an effort to identify optimal 
frequency of application for improving soil health. 
3. Future field research should also balance nutrient applications of N, P, and K in order 
to compare the effect of manure to inorganic fertilizers on crop yield and soil health 
on an annual or multi-year basis. 
4. Further discussion relating research findings to management decisions relevant to 
agricultural crop producers. For example, if an area is prone to heavy rainfall during 
times when manure is traditionally applied, research should focus on identifying 
appropriate rates of manure or biosolid application that would increase resilience (i.e. 
increased infiltration and increased resistance to soil compaction) without increasing 
environmental risk of nutrient leaching, runoff, or accumulation. 
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Chapter 3 assessed the effects of surface application of woody biomass based 
amendments, which addressed Objective 2. Encroachment of eastern redcedar (Juniperus 
virginiana L.) and underutilization of livestock manure are two areas of concern for the 
Great Plains. Developing a new market for woody biomass generated from forest clearing 
activities is critical to incentivizing management of these trees. The five woody biomass 
based amendments were compared to a non-amended control (CON) at two field sites in 
the Nebraska Sandhills; the five amendments assessed were: single rate of woody 
biomass applied at 17.3 Mg ha-1 (WB1), double rate of woody biomass applied at 30.9 
Mg ha-1 (WB2), woody biomass co-mingled with 28 kg inorganic N ha-1 (WBLN), and 
woody biomass co-mingled with either swine or cattle manure (WBSM or WBCM).  
The surface application of all organic amendments except WBLN decreased bulk 
density in the top 10 cm of soil while WBCM and WB2 increased sorptivity. Woody 
biomass amendments did not significantly affect soil biological properties, and soil 
nitrate concentrations in the top 20 cm of soil were not reduced. Thus, there was no 
evidence of N immobilization as has been reported with incorporated woody biomass. In 
general, crop yields were not impacted by these amendments. In one crop year, WBLN 
increased rye yield while WB2 reduced it. This was likely due to increased early season 
NO3-N prior to fertigation in WBLN and reduced stands due to the heavy application of 
WB2. Since both sites were under long term no-till management and irrigated, soil 
moisture was not impacted by the amendments, but soil temperature was more stable.  
Chapter 4 assessed the effects of woody biomass based soil amendments on water 
quality and greenhouse gas emissions utilizing soil columns in pursuit of addressing 
Objective 3. Five woody biomass amendments [woody biomass (WB), woody biomass 
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co-mingled with either 28 or 56 kg inorganic N ha-1 (WBLN1 or WBLN2), and woody 
biomass co-mingled with either swine or cattle manure (WBSM or WBCM)] and one 
control (CON) were assessed. In general, the woody biomass treatments did not 
significantly differ from one another or to CON in their effect on soil properties, leachate 
quality, and GHG emission. WBCM and WBSM significantly increased CO2-C 
emissions, but this was likely due to the manure rather than the woody biomass. There 
was no evidence of N immobilization or improved leachate quality either. In fact, since 
columns were well aerated with no vegetation and treatments were not incorporated, 
nitrification was the dominate process. This prevented effective comparison of treatments 
on NO2-N emissions and NO3-N soil and leachate quality. 
Chapters 3 and 4 provided complementary data in order to better assess the 
environmental impact of woody biomass amendments. Ultimately, woody biomass 
amendments have the potential to improve soil health through increases in organic matter 
and improved soil physical properties. The addition of inorganic N to woodchips a the 
time of application is likely unnecessary as there was no evidence of N immobiliztion due 
to increased surface C. There was also no significant differences between C:N ratios, soil 
NO3-N, or pre-fertigation NO3-N leaching between the three N rates in the column study 
(0, 28, and 56 kg N ha-1). An application of 17.3 Mg ha-1 (WB1) in the field study was 
sufficient to reap the benefits of soil health improvements without increasing the risk of 
yield loss due to poor stand when compared to WB2.  
Co-mingling cattle manure or swine manure with woody biomass also proved to 
be promising amendments to improve soil health. WBCM significantly increased soil 
organic matter and also provided K while WBSM increased P. Neither treatment 
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increased pre-fertigation NO3-N leaching, however. Greenhouse gas emissions were 
increased due to the manure, but the increases were short-lived. Co-mingling woodchips 
with manure could be good options for no-till management. The increase in sorptivity in 
the WBCM treatment and reduction in bulk density in both manured treatments would 
likely lower water runoff risks. Additionally, since woody biomass is applied with a 
manure spreader, producers already utilizing manure as for crop nutrients are in a prime 
position to utilize woody biomass as an organic amendment.  
Objective 4 was addressed in Chapter 5. In order to assess perceptions and 
behaviors surrounding this novel conservation practice, participants were surveyed at the 
end of a field day in 2017. The short presentation and demonstration format of the event 
was effective in increasing participant knowledge about all topic areas surrounding soil 
health and cedar tree encroachment. Most participants indicated that improving soil 
health was important to them and agreed that eastern redcedar poses a risk to Nebraska 
Sandhill sustainability. In general, all participants increased knowledge surrounding the 
benefits of manure and woodchip utilization on cropland. However, only participants that 
had conducted tree thinning in the past were likely to conduct tree thinning again. Thus, 
this field day likely only raised awareness about eastern redcedar encroachment and 
management and more in depth content on these topics is needed. Participants indicated 
an interest in these topics and continued contact with Extension education positively 
correlates with conservation practice adoption. Survey results also showed that only 28% 
of participants are motivated to adopt practices based on adoption by neighbors, which 
indicates there is a broader set of motivations for implementing conservation practices. 
228 
This dissertation highlighted the positive soil health benefits that manure and 
woody biomass provides. Benefits of the application of these amendments outweigh 
environmental risks when they are applied at appropriate rates. However, in order for this 
novel conservation practice to be implemented by local stakeholders, additional research 
needs to be conducted to address economic benefits of woody biomass amendments. 
With additional research and continued contact with Extension surrounding this practice, 
implementation is likely since participants agreed that improving soil health was 
important to them and that eastern redcear poses a threat to the local ecosystem. 
Recommendations for Future Research and Extension Programming 
Manure and Biosolids as Soil Amendments 
1. Soil biological metric quantification should be incorporated into future 
evaluations on the impact of manure and biosolids on soils. 
2. Future research should focus on the short- and long-term impacts of a single 
application of manure or biosolids to support an effort to identify optimal 
frequency of application for improving soil health. 
3. Field research should balance nutrient applications of N, P, and K in order to 
compare the effect of manure to inorganic fertilizers on crop yield and soil 
health on an annual or multi-year basis. 
Woody Biomass as a Soil Amendment 
1. Woody biomass either alone or co-mingled with livestock manure should be 
evaluated in dryland cropping systems or with reduced irrigation in order to 
better assess their impact on soil moisture and potential to reduce irrigation. 
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2. Since many soil properties assessed had delayed effects, longer- term research 
should be conducted to evaluate impact of these organic amendments on soil 
health properties. 
3. The effect of these surface applied woody biomass amendments on soil health 
properties should be evaluated within other management systems, such as 
those that are tilled or do not use cover crops, as well as under different soil 
types. 
4. Future research should utilize the same column design but with vegetation and 
in a rain-proof greenhouse in order to more closely correlate to field research 
in order to evaluate the effect of the organic amendments on nutrient leaching. 
Extension Programming Surrounding Manure and Woody Biomass Amendments 
1. Manure research needs to provide discussion that clearly relates research 
findings to management decisions relevant to agricultural crop producers. For 
example, if an area is prone to heavy rainfall during times when manure is 
traditionally applied, research should focus on identifying appropriate rates of 
manure or biosolid application that would increase resilience (i.e. increased 
infiltration and increased resistance to soil compaction) without increasing 
environmental risk of nutrient leaching, runoff, or accumulation. 
2. Research on manure also needs to consider cultural practices that are 
commonly utilize by producers. For example, research on the impact of 
manure application needs to include inorganic fertilizers in the same treatment 
if manure is not applied annually since agricultural producers would likely 
apply inorganic fertilizer in years when manure is not applied. Additionally, if 
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manure or biosolids are applied at nutrient rates below crop requirements, 
researchers should also have treatments that have additional inorganic 
fertilizer added. 
3. Future programming on woody biomass application should also incorporate 
research and information about financial incentives for conservation practice 
adoption since not all producers and landowners are motivated to adopt 
practices based on adoption by neighbors. 
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Appendix A. Lists of literature by topic collected for Chapter 2. 
Carbon 
Abaye et al. (2005) Elzobair et al. (2016) Miller et al. (1985) 
Adeli et al. (2008) Fernandez et al. (2016) Min et al. (2003) 
Aggelides and Londra (2000) Forge et al. (2013) Monaco et al. (2008) 
Ahmed et al. (2013) Foster et al. (2016) Morales et al. (2016) 
Albiach et al. (2001) Franco-Otero et al. (2012) Morlat and Chaussod (2008) 
Alvarenga et al. (2017) Fraser et al. (1988) Mylavarapu and Zinati (2009) 
Banashree et al. (2017) Gao and Chang (1996) Nardi et al. (2004) 
Bandyopadhyay et al. (2010) García-Gil et al. (2000) Netthisinghe et al. (2016) 
Barzegar et al. (2002) Garland et al. (2010) Ohno et al. (2005) 
Bashir et al. (2016) Giacometti et al. (2013) Ouimet et al. (2015) 
Bassouny and Chen (2016) González Polo et al. (2014) Paetsch et al. (2016) 
F. Bastida et al. (2008) Guo et al. (2016) Parham et al. (2002) 
Felipe Bastida et al. (2008) Hartl and Erhart (2005) Peacock et al. (2001) 
Benbi et al. (2016) Hati et al. (2006) Peltre et al. (2017) 
P. Bhattacharyya et al. (2003) Heidari et al. (2016) Plaza et al. (2002) 
Bhattacharyya et al. (2007) Houot and Chaussod (1995) Poulsen et al. (2013) 
Bhogal et al. (2009) Hueso et al. (2012) Qi et al. (2016) 
Biederman et al. (2017) Indraratne et al. (2009) Reeve et al. (2012) 
Blanco-Canqui et al. (2015) Ippolito et al. (2009) M. Ros et al. (2006) 
Broderick and Evans (2017) Ito et al. (2015) M Ros et al. (2006) 
Cai et al. (2018) Kautz et al. (2006) Sathish et al. (2016) 
Calleja-Cervantes et al., (2015) Keramati et al. (2010) Schjonning et al. (1994) 
Celik et al. (2004) Khaliq and Kaleem Abbasi (2015) Schlegel et al. (2017) 
Celik et al. (2010) Kingery et al. (1994) Shukla et al. (2006) 
Chakraborty et al. (2011) Kowaljow et al. (2017) Sleutel et al. (2006) 
Chakraborty et al. (2010) Kukal et al. (2009) Sloan et al. (2016) 
Chang et al. (2014) Kumar et al. (2014) Spargo et al. (2006) 
Chaudhary et al. (2017) Laird et al. (2017) Steiner et al. (2007) 
Clemente et al. (2006) Lazcano et al. (2016) Tian et al. (2015) 
Coors et al. (2016) Leita et al. (1999) Triberti et al. (2008) 
Cote and Ndayegamiye (1989) Li et al. (2015) Walter et al. (2006) 
Crecchio et al. (2001) Lithourgidis et al. (2007) Whalen and Chang (2002) 
Crecchio et al. (2004) Liu et al. (2017) White et al. (1997) 
Das et al. (2016) Ma et al. (2016) Wortmann and Walters (2006) 
De Lucia et al. (2013) Manna et al. (2005) Yagüe et al. (2016) 
Domingo-Olivé et al. (2016) Marschner et al. (2003) Yan et al. (2016) 
Dorado et al. (2003) Martens and Frankenberger (1992) Yang et al. (2011) 
Eghball (2002) Matsi et al. (2015) Zhao et al. (2009) 
Eghball et al. (2004) Meersmans et al. (2012) Zhong et al. (2010) 
Elfstrand et al. (2007) J. J. Miller et al. (2017)  
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Nitrogen 
Abaye et al. (2005) Fraser et al. (1988) Obour et al. (2017) 
Adeli et al. (2008) Gao and Chang (1996) Ouimet et al. (2015) 
Ahmed et al. (2013) Garland et al. (2010) Ovejero et al. (2016) 
Alvarenga et al. (2017) Giacometti et al. (2013) Paetsch et al. (2016) 
Banashree et al. (2017) Gonzatto et al. (2016) Parham et al. (2002) 
Bastida et al. (2008) Guo et al. (2016) Peacock et al. (2001) 
Bélanger et al. (2017) Hartl and Erhart (2005) Peltre et al. (2017) 
Dinesh K. Benbi et al. (2015) Houot and Chaussod (1995) Plaza et al. (2002) 
P. Bhattacharyya et al. (2003) Hueso et al. (2012) Poulsen et al. (2013) 
Bhogal et al. (2009) Indraratne et al. (2009) Qi et al. (2016) 
Biederman et al. (2017) Ippolito et al. (2009) Reeve et al. (2012) 
Cai et al. (2018) Ito et al. (2015) Ros et al. (2006) 
Calleja-Cervantes et al., (2015) Kautz et al. (2006) M Ros et al. (2006) 
Chakraborty et al. (2011) Khaliq and Kaleem Abbasi (2015) Sathish et al. (2016) 
Chang et al. (2014) Kingery et al. (1994) Schlegel et al. (2017) 
Coors et al. (2016) Kołodziej et al. (2015) Shafi et al. (2012) 
Cote and Ndayegamiye (1989) Kowaljow et al. (2017) Shukla et al. (2006) 
Crecchio et al. (2001) Kulesza et al. (2016) Sloan et al. (2016) 
Crecchio et al. (2004) Laird et al. (2017) Stange and Neue (2009) 
De Lucia et al. (2013) Larney and Janzen (1996) Steiner et al. (2007) 
Domingo-Olivé et al. (2016) Lazcano et al. (2016) Sullivan et al. (1997) 
Dorado et al. (2003) Li et al. (2015) Sutton et al. (1982) 
Eghball (2002) Lithourgidis et al. (2007) Tian et al. (2015) 
Eghball et al. (2004) Liu et al. (2017) Triberti et al. (2008) 
Elfstrand et al. (2007) Ma et al. (2016) Walter et al. (2006) 
Elzobair et al. (2016) Manna et al. (2005) Whalen and Chang (2002) 
Erhart et al. (2005) Marschner et al. (2003) Whalen et al. (2000) 
Evans et al. (1977) Matsi et al. (2015) White et al. (1997) 
Ferguson et al. (2005) Miller et al. (2017) Wolkowski (2003) 
Fernandez et al. (2016) Monaco et al. (2008) Yan et al. (2016) 
Forge et al. (2016) Morales et al. (2016) Zhang et al. (2006) 
Forge et al. (2013) Morlat and Chaussod (2008) Zhao et al. (2009) 
Foster et al. (2016) Mylavarapu and Zinati (2009) Zheljazkov et al. (2006) 
Franco-Otero et al. (2012) Netthisinghe et al. (2016) Zhong et al. (2010) 
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Phosphorous 
Adeli et al. (2008) Franco-Otero et al. (2012) Ohno et al. (2005) 
Ahmed et al. (2013) Fraser et al. (1988) Ouimet et al. (2015) 
Alvarenga et al. (2017) Garcia et al. (2007) Parham et al. (2002) 
Banashree et al. (2017) Glaesner et al. (2011) Qi et al. (2016) 
Bastida et al. (2008) González Polo et al. (2014) Reeve et al. (2012) 
P. Bhattacharyya et al. (2003) Indraratne et al. (2009) M Ros et al. (2006) 
Bhogal et al. (2009) Khaliq and Kaleem Abbasi (2015) Sathish et al. (2016) 
Biederman et al. (2017) Kingery et al. (1994) Schlegel et al. (2017) 
Broderick and Evans (2017) Kołodziej et al. (2015) Siddique and Robinson (2004) 
Cai et al. (2018) Kowaljow et al. (2017) Sloan et al. (2016) 
Calleja-Cervantes et al. (2015) Laird et al. (2017) Spargo et al. (2006) 
Chang et al. (2014) Larney and Janzen (1996) Steiner et al., (2007) 
Colvan et al. (2001) Li et al. (2015) Sutton et al. (1982) 
Coors et al. (2016) Lithourgidis et al. (2007) Tian et al., (2015) 
Curless et al. (2012) Ma et al. (2016) Walter et al. (2006) 
De Lucia et al. (2013) Manna et al. (2005) Whalen and Chang (2002) 
Domingo-Olivé et al. (2016) Matsi et al. (2015) Whalen et al. (2000) 
Dorado et al. (2003) Mkhabela and Warman (2005) White et al. (1997) 
Eghball et al. (2004) Morlat and Chaussod (2008) Wortmann and Shapiro (2008) 
Evans et al. (1977) Murphy et al. (2005) Wortmann and Walters (2006) 
Ferguson et al. (2005) Mylavarapu and Zinati (2009) Zhang et al. (2006) 
Fernandez et al. (2016) Netthisinghe et al. (2016) Zhao et al. (2009) 
Forge et al. (2013) Obour et al. (2017) Zhong et al. (2010) 
Foster et al. (2016)   
 
 
Cation Exchange Capacity 
Alvarenga et al. (2017) Gao and Chang (1996) Ouimet et al. (2015) 
P. Bhattacharyya et al. (2003) Keramati et al. (2010) Schjonning et al. (1994) 
Coors et al. (2016) Morlat and Chaussod (2008) Steiner et al. (2007) 
Cote and Ndayegamiye (1989) Murphy et al. (2005) Whalen et al. (2000) 
De Lucia et al. (2013) Netthisinghe et al. (2016)  
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pH 
Abaye et al. (2005) Forge et al. (2013) Ouimet et al. (2015) 
Adeli et al. (2008) Foster et al. (2016) Paetsch et al. (2016) 
Ahmed et al. (2013) Franco-Otero et al. (2012) Parham et al. (2002) 
Alvarenga et al. (2017) Fraser et al. (1988) Peacock et al. (2001) 
Azeez and Van Averbeke 
(2012) 
Garcia et al. (2007) Peltre et al. (2017) 
Banashree et al. (2017) Giacometti et al. (2013) Plaza et al. (2002) 
Bastida et al. (2008) González Polo et al. (2014) Poulsen et al. (2013) 
Bhogal et al. (2009) Ippolito et al. (2009) M Ros et al. (2006) 
Biederman et al. (2017) Kautz et al. (2006) Sathish et al. (2016) 
Broderick and Evans (2017) Keramati et al. (2010) Schjonning et al. (1994) 
Cai et al. (2018) Khaliq and Kaleem Abbasi (2015) Schlegel et al. (2017) 
Calleja-Cervantes et al. (2015) Kingery et al. (1994) Shukla et al. (2006) 
Chakraborty et al. (2011) Kołodziej et al. (2015) Sloan et al. (2016) 
Chang et al. (2014) Kumar et al. (2014) Spargo et al. (2006) 
Clemente et al. (2006) Laird et al. (2017) Steiner et al. (2007) 
Coors et al. (2016) Li et al. (2015) Sullivan et al. (1997) 
Cote and Ndayegamiye (1989) Miller et al. (2013) Tian et al. (2015) 
Crecchio et al. (2001) J. Miller et al. (2017) Turner et al. (2010) 
Crecchio et al. (2004) Miller et al. (1985) Walter et al. (2006) 
Curless et al. (2012) Min et al. (2003) Whalen et al. (2000) 
De Lucia et al. (2013) Mkhabela and Warman (2005) White et al. (1997) 
Dorado et al. (2003) Morales et al. (2016) Wortmann and Walters (2006) 
Eghball (2002) Morlat and Chaussod (2008) Zhang et al. (2006) 
Eghball et al. (2004) Murphy et al. (2005) Zhao et al. (2009) 
Elfstrand et al. (2007) Mylavarapu and Zinati (2009) Zhong et al. (2010) 
Elzobair et al. (2016) Netthisinghe et al. (2016)  
Fernandez et al. (2016) Obour et al. (2017)  
 
 
Bulk Density 
Bandyopadhyay et al. (2010) Ekwue and Stone (1995) Mylavarapu and Zinati (2009) 
Barzegar et al. (2002) Forge et al. (2016) Paetsch et al. (2016) 
Bashir et al. (2016) Fraser et al. (1988) Pagliai et al. (2004) 
Bassouny and Chen (2016) Guo et al. (2016) Sathish et al. (2016) 
Benbi et al. (2016) Hati et al. (2006) Schjonning et al. (1994) 
Bhogal et al. (2009) Khaliq and Kaleem Abbasi (2015) Shukla et al. (2006) 
Blanco-Canqui et al. (2015) Kowaljow et al. (2017) Sloan et al. (2016) 
Celik et al. (2004) Kukal et al. (2009) Spargo et al. (2006) 
Celik et al. (2010) Manna et al. (2005) Sullivan et al. (1997) 
Chakraborty et al. (2010) Martens and Frankenberger (1992) Wortmann and Walters (2006) 
Chaudhary et al. (2017) J. J. Miller et al. (2017) Yagüe et al. (2016) 
Das et al. (2016) Morlat and Chaussod (2008) Yang et al. (2011) 
Domingo-Olivé et al. (2016) Mosaddeghi et al. (2000) Zhao et al. (2009) 
Eghball (2002)   
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Compaction 
Bandyopadhyay et al. (2010) Ekwue and Stone (1995) Mosaddeghi et al. (2000) 
Bassouny and Chen (2016) Hati et al. (2006) Schjonning et al. (1994) 
Blanco-Canqui et al. (2015) Khaliq and Kaleem Abbasi (2015) Sloan et al. (2016) 
Celik et al. (2010) Kumar et al. (2014)  
 
 
Aggregation 
Aggelides and Londra (2000) Celik et al. (2010) Manna et al. (2005) 
Albiach et al. (2001) Chakraborty et al. (2010) Martens and Frankenberger 
(1992) 
Bandyopadhyay et al. (2010) Das et al. (2016) Min et al. (2003) 
Barzegar et al. (2002) Domingo-Olivé et al. (2016) Shukla et al. (2006) 
Bashir et al. (2016) Forge et al. (2016) Whalen and Chang (2002) 
Benbi et al. (2016) Hati et al. (2006) Wortmann and Shapiro (2008) 
Bhattacharyya et al. (2007) Khaliq and Kaleem Abbasi (2015) Yagüe et al. (2016) 
Bhogal et al. (2009) Kukal et al. (2009) Zhao et al. (2009) 
Celik et al. (2004)   
 
 
Infiltration and Saturated Hydraulic Conductivity 
Aggelides and Londra (2000) Chakraborty et al. (2010) Pagliai et al. (2004) 
Alliaume et al. (2014) De Lucia et al. (2013) Sathish et al. (2016) 
Bandyopadhyay et al. (2010) Gilley and Risse (2000) Shukla et al. (2006) 
Barzegar et al. (2002) Hati et al. (2006) Sloan et al. (2016) 
Bassouny and Chen (2016) Khaliq and Kaleem Abbasi (2015) Spargo et al. (2006) 
Bhattacharyya et al. (2007) Martens and Frankenberger (1992) Wortmann and Walters (2006) 
Celik et al. (2004) Mosaddeghi et al. (2000) Yang et al. (2011) 
 
 
Water Holding Capacity 
Aggelides and Londra (2000) Chakraborty et al. (2010) Mylavarapu and Zinati (2009) 
Barzegar et al. (2002) Das et al. (2016) Sathish et al. (2016) 
Bassouny and Chen (2016) Dorado et al. (2003) Schjonning et al. (1994) 
Bhogal et al. (2009) Forge et al. (2016) Shukla et al. (2006) 
Blanco-Canqui et al. (2015) Kowaljow et al. (2017) Yang et al. (2011) 
Celik et al. (2004) Mosaddeghi et al. (2000) Zhao et al. (2009) 
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Biology 
Abaye et al. (2005) Elfstrand et al. (2007) Liu et al. (2017) 
Adeli et al. (2008) Elzobair et al. (2016) Ma et al. (2016) 
Albiach et al. (2001) Fernandez et al. (2016) Manna et al. (2005) 
Baker et al. (2002) Forge et al. (2016) Marschner et al. (2003) 
Banashree et al. (2017) Forge et al. (2013) Martens and Frankenberger 
(1992) 
Barbarick et al. (2004) Foster et al. (2016) J. J. Miller et al. (2017) 
F. Bastida et al. (2008) Franco-Otero et al. (2012) Min et al. (2003) 
Felipe Bastida et al. (2008) Fraser et al. (1988) Monaco et al. (2008) 
Dinesh K. Benbi et al. (2015) Garcia et al. (2007) Morales et al. (2016) 
Bhogal et al. (2009) García-Gil et al. (2000) Morlat and Chaussod (2008) 
Biederman et al. (2017) Garland et al. (2010) Parham et al. (2002) 
Bittman et al. (2005) Giacometti et al. (2013) Peacock et al. (2001) 
Booher et al. (2012) González Polo et al. (2014) Peltre et al. (2017) 
Braman et al. (2016) Guo et al. (2016) Poulsen et al. (2013) 
Calleja-Cervantes et al. (2015) Heidari et al. (2016) Qi et al. (2016) 
Cavalli and Bechini (2014) Houot and Chaussod (1995) Reeve et al. (2012) 
Chakraborty et al. (2011) Hueso et al. (2012) M. Ros et al. (2006) 
Chang et al. (2014) Ippolito et al. (2009) M Ros et al. (2006) 
Clemente et al. (2006) Ito et al. (2015) Sathish et al. (2016) 
Colvan et al. (2001) Kautz et al. (2006) Tessaro et al. (2011) 
Cote and Ndayegamiye (1989) Kowaljow et al. (2017) Tian et al. (2015) 
Crecchio et al. (2001) Lalande et al. (2000) Yagüe et al. (2016) 
Crecchio et al. (2004) Lazcano et al. (2016) Zhao et al. (2009) 
Da Silva et al. (2016) Leita et al. (1999) Zhong et al. (2010) 
Dorado et al. (2003) Li et al. (2015)  
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Yield 
Ahmed et al. (2013) Fernandez et al. (2016) Mylavarapu and Zinati (2009) 
Alliaume et al. (2014) Forge et al. (2013) Netthisinghe et al. (2016) 
Alvarenga et al. (2017) Foster et al. (2016) Ovejero et al. (2016) 
Balemi (2012) Franco-Otero et al. (2012) Reeve et al. (2012) 
Banashree et al. (2017) Garland et al. (2010) Sathish et al. (2016) 
Bandyopadhyay et al. (2010) González Polo et al. (2014) Savala et al. (2016) 
Barzegar et al. (2002) Gonzatto et al. (2016) Shafi et al. (2012) 
F. Bastida et al. (2008) Guo et al. (2016) Shukla et al. (2006) 
Felipe Bastida et al. (2008) Hati et al. (2006) Sleutel et al. (2006) 
Bélanger et al. (2017) Houot and Chaussod (1995) Sloan et al. (2016) 
Benbi et al., (2016) Ito et al. (2015) Steiner et al. (2007) 
P. Bhattacharyya et al. (2003) Klepper et al. (2010) Suge et al. (2011) 
Bhogal et al. (2009) Kowaljow et al. (2017) Sullivan et al. (1997) 
Blanco-Canqui et al. (2015) Kukal et al. (2009) Sutton et al. (1982) 
Broderick and Evans (2017) Kulesza et al. (2016) Triberti et al. (2008) 
Cai et al. (2018) Kumar et al. (2014) Uka et al. (2013) 
Celik et al. (2010) Laird et al. (2017) Walter et al. (2006) 
Curless et al. (2012) Larney and Janzen (1996) Wolkowski (2003) 
Das et al. (2016) Lazcano et al. (2016) Wortmann and Walters (2006) 
De Lucia et al. (2013) Lithourgidis et al. (2007) Yagüe et al. (2016) 
Domingo-Olivé et al. (2016) Liu et al. (2017) Yang et al. (2011) 
Eghball et al. (2004) Manna et al. (2005) Zhang et al. (2006) 
Elfstrand et al. (2007) Matsi et al. (2015) Zhao et al. (2009) 
Erhart et al. (2005) McFarland et al. (2010) Zhong et al. (2010) 
Evans et al. (1977) Mkhabela and Warman (2005)  
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Appendix B. Bulk density and saturated hydraulic conductivity (Ks) of each soil 
column. 
Column Treatment Block Bulk Density Ks 
      g cm-3 cm s-1 
1 WBSM 1 1.44 8.09E-03 
2 WBLN1 1 1.42 7.71E-03 
3 WBCM 1 1.40 8.73E-03 
4 CON 1 1.37 8.74E-03 
5 WBLN2 1 1.40 9.22E-03 
6 WB 1 1.38 1.01E-02 
7 WBLN1 2 1.46 1.14E-02 
8 WB 2 1.45 1.28E-02 
9 CON 2 1.45 1.23E-02 
10 WBLN2 2 1.41 7.54E-03 
11 WBSM 2 1.39 7.72E-03 
12 WBCM 2 1.37 6.93E-03 
13 WBCM 3 1.39 7.54E-03 
14 WBLN2 3 1.39 6.65E-03 
15 CON 3 1.38 6.29E-03 
16 WBSM 3 1.37 7.06E-03 
17 WB 3 1.38 6.04E-03 
18 WBLN1 3 1.40 6.02E-03 
19 WBLN1 4 1.39 6.04E-03 
20 WB 4 1.40 6.91E-03 
21 WBSM 4 1.40 6.64E-03 
22 WBCM 4 1.41 6.04E-03 
23 CON 4 1.40 5.61E-03 
24 WBLN2 4 1.39 9.22E-03 
 
  
2
6
6 
Appendix C. Bromide tracer test results for columns assigned to a) block 1, b) block 2, c) block 3, and d) block 4. One pore 
volume (PV) is the volume of leachate equal to total porosity volume for each individual column.  
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Appendix D. Survey participants were asked to fill out at the end of the field day in 
July 2017. 
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Appendix E. Informational flyer about a field day in July 2017 to demonstrate 
agronomic effects of woody biomass.
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